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ABSTRACT
INVESTIGATIONS OF POLY[(STYRENE-CO-P-METHYLSTYRENE)-R- 
ISOBUTYLENE-R-(STYRENE-CO-P-METHYLSTYRENE)] AND POLY[(ACRYLIC 
ACID)-P-STYRENE-P-ISOBUTYLENE-S-STYRENE-P-(ACRYLIC ACID)]
by
James Grabill Kopchick 
May 2006
The /?Me study was conducted to understand the morphological and physical 
property changes that occur as the ratio of/?Me to styrene is increased, effectively 
increasing the aliphatic units. By the introduction of />Me, the interface region becomes 
more blended/compatible as the /?Me migrates to the interface. These /?Me groups are 
theorized in effect to create multiple ‘anchors’ to distribute the loads experienced at the 
interface more effectively creating a synergistic effect on the final properties of the 
copolymers.
The primary goals of the pentablock study were the characterization of unique 
membranes as related to the morphologies and physical properties of poly[(/-butyl 
acrylate)-Z>-styrene-Z>-isobutylene-b-styrene-b-(/-butyl acrylate)] and poly[(acrylic acid)- 
6 -styrene-6 -isobutylene-Z>-styrene-b-(acrylic acid)]. Specifically, the reaction to convert 
/-butyl acrylate to acrylic acid group as well as the anhydride ring formation and stability 
as it relates to morphology was explored. The overall morphologies of these pentablocks 
demonstrate more restrictions due to the architecture of the chain, and these three 
articulated phase morphologies create an opportunity for use in diffusion and charge 
transport in these polymers. Investigations in morphologies, physical properties,
1
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nanoindenation, permeation, diffusion, conductivity, and dielectric relaxation 
spectroscopy were conducted as a function of increasing acrylic acid in the pentablocks.
2
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CHAPTER I
INTRODUCTION-BLOCK COPOLYMERS, BLOCK TERPOLYMERS, AND
PREVIOUS STUDIES
Block Copolymers and Terpolymers 
Block copolymers are macromolecules comprised of at least two well-defined 
sequences of repeat units that are covalently bonded. There are numerous possible 
architectures as shown in Figure I-1. 1 ,2 ,3 The nomenclature convention for a general block 
copolymer is to use a letter of the alphabet to represent each type of block in the polymer. 
Then the letters are used to define the sequence of the blocks; for example poly(styrene- 
6 -isobutylene-6 -styrene) would be represented as A-B-A.
Pentablock
A-B-C-B-A
Diblock
A-B
Triblock
A-B-A
Starblock
Multiblock
A-B-C
Figure 1-1. Examples of block copolymer and terpolymer architecture and nomenclature.
Block Copolymer and Terpolymer Morphology
Unlike a blend, the connectivity of the covalently linked blocks prevents 
macrophase separation, and results in nanophase separated morphology. Due to the 
immiscibility of the different blocks in a block copolymer, numerous nanophase
1
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2separated morphologies are possible. The phase-separated morphologies of diblock 
copolymers usually range from spherical to rod to lamellae microstructures as seen in 
Figure 1-2. 4 ,5 The equilibrium morphology depends on the molecular weight of the entire 
copolymer, the block volume fraction, and the Flory-Huggins interaction parameter, y, 
for the unlike block combination. 6 Morphology is also influenced by solvents used, 
casting methods, and annealing time or temperature. Moreover, when this class of block 
copolymer materials is melt-processed, the processing variables of temperature-pressure- 
time-flow conditions are important. Finally, thermal history is important, for example 
with regard to whether the morphology is that of the equilibrium state.
A Spheres A Cylinders Lamellae B Cylinders B Spheres
0-20% A 20-40% A 40-64% A 64-84% A >84% A
Figure 1-2. Possible phase separated morphologies in PS-PIB block copolymer systems. 
/a  refers to the volume fraction of the A block, which in this case is polystyrene 4 ,5
In addition to the volume fraction, the extent and microstructure of the phase 
separation is determined by the product xN, where % is the Flory-Huggins interaction 
parameter for the two blocks and N is the degree of polymerization. 6 This relationship 
can be very dependent on temperature. If %N is »  10, the phase separation is insensitive
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3to temperature, and the morphology is solely a function of volume fraction. If %N is < 
1 0 , then the polymer morphology will be more sensitive to changes in temperature.
The morphology of a block copolymer has a profound impact upon how 
permeants diffuse through the material, especially when the permeability coefficients for 
the domains are significantly different. 7 Permeant diffusion is related to the connectivity 
of the more permeable phase. Therefore, faster transport is achieved if the morphology 
of the more permeable phase is more extended, e.g. cylinder or to a greater extended 
degree lamellae rather than spheres.
Unlike diblock copolymer morphologies, triblock terpolymers depend on three 
distinct interaction parameters rather than one. xab, Xbc, and Xca allow for even more 
interesting possibilities for self-assembly with block polymers with three or more distinct 
type of blocks. Some of these possible morphologies are shown in Figure 1-3. If the 
polymer has equal block lengths with equal x parameters, the morphology of 3-d is 
likely. If xab << Xbc, spontaneous curvature of AB and BC with C cores will occur as 
seen in 3e. If xab = Xbc »  Xac, then B is disliked by both ends. 3j, 3m, 3f, and 3k are 
the favored morphologies. If AC contacts are favored, then the morphologies in 3e and 
3b are preferred. If the volume fraction of the B block, fa, is small, 3j, 3m, 3f, and 3k are 
likely, while a large fa  favors 3j and 3d. Finally, in symmetric systems where xab = Xbc 
< xac and f A = fc  with increasing^ the following morphology trend is observed 3d, 3n, 
3c, 3i.
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Figure 1-3. Dark, A; white, B; gray, C. (a) lamella -  cylinder variation; (b) concentric 
spherical domain in the bcc structure; (c) cylindrical domains in a square lattice structure; 
(d) Lamellar phase; (e) lamella -  cylinder phase; (f) cylinder -  ring phase; (g) lamella -  
sphere variation; (h) cylinder -  sphere; (i) spherical domains in the CsCl-type structure;
(j) lamellar phase; (k) cylinder -  wrapped ring phase; (1) cylinders embedded between 
two different phase lamella; (m) lamellar -  sphere phase; (n) OBDD phase (Adapted 
from references 8  and 9)
Much of the work in pentablocks deals with an ABABA configuration, rather than 
with an ABCBA configuration. 10 ,11 ABC terpolymers have been explored by many 
authors. For example polymers with all hard blocks at room temperature have been 
produced yielding a very glassy polymer by using monomers such as styrene, methyl 
methacrylate, and tert-butyl acrylate. 12 ,13 Huang et al. synthesized a terpolymer of 
ethylene oxide, methyl methacrylate, and styrene to illustrate new possible combinations 
of monomers with rapidly advancing synthetic techniques. 14 Schmalz et al. has produced 
ABC polymers that combine a glassy, elastomeric, and crystalline block by using a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5polymer composed of polystyrene-b-poly(ethylene-a/f-propylene)-Z>-polyethylene, while 
Balsoma et al. studied the same scenario on a polymer composed of polystyrene-6 - 
polybutadiene-b-poly(e-caprolactone) . 15 ,1 6 Much of the research to date has been aimed 
at the synthesis of novel ABC polymers and the discovery of new morphologies based on 
various combinations of blocks, monomers, and volume factions.
Isobutylene Based Block Copolymers
Butyl rubber has excellent properties with a wide range of applications and 
environmental stability. The low Tg allows it to maintain flexibility even at very low 
temperatures. Butyl rubber consists of polymerized isobutylene with a few mole percent 
of isoprene units; it is usually crosslinked to produce an elastic network, and is the only 
commercial bulk material produced by cationic polymerization.
Phase-separated styrene-b-isobutylene-6 -styrene, PS-PIB-PS, block copolymers, 
where the styrene blocks constitute the minor phase, already have the properties of 
crosslinked elastomers at room temperature. The hard styrene domains act as crosslinks, 
while the isobutylene phase provides elasticity. The fact that this “crosslinking” is 
thermally reversible is useful, because the materials have the ability to be processed 
easily using conventional techniques such as injection molding, blow molding, and 
extrusion.
Previous Studies
It has been shown by Mauritz et al. that small-molecule metal alkoxides undergo 
a sol-gel process within block copolymers to form nanophases resulting in
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6inorganic/organic nanocomposites that can take the form of membranes that facilitate 
water diffusion and possibly proton transport. 17 A fundamental working hypothesis is 
that the phase-separated morphology of these block copolymers acts as a sol-gel 
polymerization template in the sense of domain-targeted reactions. Earlier work by 
Mauritz et al. demonstrated that sulfonation of the PS blocks in PS-PIB-PS triblock 
copolymers causes an affinity of hydrolyzed tetraethylorthosilicate for the functionalized
18  I Q o n  01  0 4PS domains. > ■ ’ ’ ’ ■ Mauritz et al. and Storey et al., as well as other researchers, 
observed significant increases in mechanical modulus with inclusion of sulfonate groups
e  ' J / r  ' y Q  'J Q
in the styrenic regions of PS-PIB-PS block copolymers. ’ ’ ’ ’ Again, these ionic 
regions are thought to favor water diffusion as well as provide a nanoscopic environment 
that is compatible with the sol-gel reaction monomer precursor molecules.
Figure 1-4 is a summary of the work done before this study by Mauritz et al. 
Poly(styrene-6 -isobutylene-6 -styrene) was sulfonated, which served as a template for sol- 
gel reactions. By incorporating the ionic groups and sol-gel, physical properties 
increased in the non-hydrated polymer state. In the hydrated state, diffusion was 
increased by both the sulfonate groups and sol-gel network. In these materials, the PS 
phase served both as hydrophilic phase and crosslinking phase. Therefore a competitive 
effect was created. When diffusion through the polymer was high, the physical 
crosslinks were swollen with water which behaved as a plasticizer and lowered the 
overall physical properties of the film. When diffusion was minimized, the physical 
properties were maximized.
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7BCP acetyl sulfate > sulfonated BCPDCE, 50°C
M+OH BCP ionomer (BCP1)
THF/TCE
H
O CH3 ^ ^ 'C H 3 o -s=oc h 3
The remaining chapters of this manuscript discuss modifications of PS-PIB-PS 
systems in an attempt to allow for better synthesis control and improved physical 
properties by using /?-methyl styrene. Also, the use of pentablock polymers to isolate the 
physical crosslink and diffusion functions by using separate blocks is discussed. By 
having separate blocks for specific functions, the blocks of the polymer can be 
independently designed and manipulated as shown in Figure 1-5. This pentablock is 
significantly different from PS-PIB-PS system in that poly(acrylic acid) (PAA) blocks 
were added so that the phase separated morphology was more complex. The increased 
numbers of structural variants represent more opportunities to improve permeation by
Sol-Gel
Figure 1-4. Overall scheme of previous work by Mauritz et al.
Current Research
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tailoring hydration pathways, and generating interesting thermo-mechanical properties. 
Further introduction into each area of study is included within individual chapters.
O = ionic, acid, or polar 
group lowT„
h 2o  h 2o  h 2o  
h 2o  h 2o  h 2o
high T8
f
high Te
h 2o  h 2o  h 2o  
h 2o  h 2o  h 2o
thard domains - Dynamic phase - 
membrane membrane Hydrophilic domains -
stability flexibility ion, H+, H2O pathways
Figure 1-5. Block sequences of hydrophilic/hard/soft block terpolymers.
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CHAPTER II
PHYSICAL PROPERTIES AND STRUCTURAL CHARACTERIZATION OF 
POLY[(STYRENE-CO-P-METHYLSTYRENE)-fl-ISOBUTYLENE-fl-(STYRENE-
COP-METHYLSTYRENE)]
Introduction
This chapter explores the unique physical properties of poly(isobutylene)(PIB) 
based triblock copolymers possessing end blocks containing styrene and p-methylstyrene 
(pMSt) random comonomer units, which have spherical and cylindrical morphologies.
To this end, a variety of techniques were used including transmission electron 
microscopy (TEM), small angle x-ray scattering (SAXS), mechanical testing - 
specifically tensile, differential scanning calorimetry (DSC), and dynamic mechanical 
analysis (DMA). This study was conducted to explore the change in morphology as the 
percent />MSt content was increased, effectively increasing the aliphatic content in the 
polymer so as to make the two block phases more compatible. A second objective was to 
understand the impact of morphology on physical properties. The morphology of the 
block copolymer (BCP) was studied on local and long-range scales by TEM and SAXS, 
respectively.
During the PS-PIB-PS synthesis a coupling reaction is normally observed 
between the styrene blocks producing a high molecular weight component. 1’2 A typical 
GPC refractive index trace for a BCP is shown in Figure II-1. This coupling reaction is 
believed to be between the PS blocks creating PS-PIB-PS-PIB-PS pentablock copolymer 
giving rise to a broader PDI. It is thought that these high molecular weight polymers are
11
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created through carbocationic chain end attachment to the polystyrene segment by 
electrophilic aromatic substitution. 3 By introducing p-methylstyrene, this coupling 
reaction may be prevented as shown in Figure II-2 which is reproduced from Storey et 
al.4 While the addition of /?MSt to stop the increase in the PDI of the polymer by 
eliminating the high molecular weight pentablock contaminant was the primary objective, 
the morphological changes and resulting physical properties were of interest in 
themselves.
Triblock Copolymer
Coupled Triblock Copolymer
7.5 10.0 12.5 15.0
Elution Volume (min) 
Figure 11-1. Typical GPC refractive index trace.2
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Elution Time (min)
Figure II-2. GPC traces of poly[(St-co-pMSt)-6 -isobutylene-6 -(St-co-pMSt)] 
synthesized from varying St:/?MSt monomer feed ratios. 4
Block Copolymer Synthesis and Experimental 
Materials and Synthesis o f Block Copolymer
All materials were synthesized by the Storey Research Group. Two different 
copolymer series were produced for this study. The first series, ‘series 1 was composed 
ofP(St-co-/?MSt)-PIB-P(St-co-;?MSt) block copolymers having a Mn average of 50,000 
g/mole with a PDI of 1.34. The outer blocks constituted approximately 22% of the 
polymer by weight. The block copolymers had a range of St/pMSt compositions from 
homo-PS to homo-P/?MSt in approximately 10% incremental increases of pMSt as shown 
in Table II-1. Series 1 was intended by design to create cylindrical block domains, but all 
samples, with the exemption of sample D, formed spherical domains. Therefore, the 
second series, ‘series 2’, was designed to target cylindrical domains. The specific 
samples for series 2 are shown in Table II-2. The following syntheses for these samples 
are described in the excerpt from reference 4.
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Table H -l. Spherical morphology study: chemical microstructure characterization of 
poly[(St-co-pMSt)-6-isobutylene-6-(St-co-pMSt)] triblock copolymers (reproduced from 
reference 4).
Sample
ID
End block 
feed ratio 
St:/>MSt
%pMSt in 
final end 
block"
MpOfPIB 
center block 
(g/mol)*
Mebc
Mn of total 
BCP 
(g/mol)rf
A 0 : 1 0 0 107.0 40,000 0 . 2 2 50,600
B 10:90 94.0 36,300 0 . 2 2 46,400
C 20:80 79.2 37,800 0 . 2 2 48,800
D 30:70 75.2 41,900 0.23 54,400
E 40:60 61.0 37,900 0 . 2 1 47,700
F 50:50 51.0 38,700 0 . 2 1 49,200
G 60:40 44.1 39,300 0 . 2 2 50,100
H 70:30 31.7 41,000 0 . 2 2 52,300
I 80:20 21.7 40,700 0 . 2 2 52,100
J 90:10 12.7 37,000 0.23 48,100
K 1 0 0 : 0 0.3 40860 0 . 2 2 52318
L 30:70 75.0 41,500 0.31 59,900
M 20:80 82.1 40,000 0.45 72,300
a Determined by 'H NMR and eq. 1 
b Determined by GPC analysis 
c Mass fraction end block, calculated using Eq. 2 
d Calculated from Mp and Meb
Table II-2. Cylindrical morphology study: number average molecular weight (Mn, 
g.mol'1) characterization of poly[(St-<%>-/>MSt)-/>-isobutylene-/)-(St-co-/?MSt)] by GPC (* 
represents the samples used in testing) (reproduced from reference 4).
Sample
Number PSt/pMSt PIB Mn
Triblock
Mn
Triblock
PDI Meb
%pMSt in 
endblock
340-45A 0 / 1 0 0 38,430 48,550 1.13 0.19 1 0 0
340-45B* 30/70 38,480 50,650 1.13 0.28 61.4
340-46A* 50/50 n/a 51,290 1 . 1 2 0.23 52.2
340-46B* 70/30 39,900 49,710 1.17 0.25 28.3
340-47A* 1 0 0 / 0 40,650 52,460 1.19 0.29 1.7
340-52B 0 / 1 0 0 41,340 51,490 1 . 1 1 0.26 95.7
527-11A 0 / 1 0 0 0.19 118.3
527-12A 0 / 1 0 0 0.26 109.4
527-17A 0 / 1 0 0 24,970 33,460 1 . 2 0.32 112.4
527-19A 0 / 1 0 0 25,620 33,600 1 . 2 0.38 118.3
527-23A* 0 / 1 0 0 40,870 77,300 1.24 0.44 96.8
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5-tar/-Butyl-l,3-di(2-chloro-2-propyl)benzene (bDCC) was prepared from 5-tert- 
butyl-isophthalic acid (Amoco Chemical Co.) through esterification with methanol 
followed by reaction with methyl magnesium bromide to form the tarf-alcohol. 5 The 
latter was converted to the tart-chloride by reaction with dry HC1 in methylene chloride. 6  
Reaction progress was monitored by 'H NMR, and the resulting bDCC was twice 
recrystallized from hexane at 7°C. 2-Chloro-2,4,4-trimethylpentane (TMPC1) was 
synthesized by reacting 2,4,4-trimethyl-1-pentene with gaseous HC1 using the method of 
Storey and Lee. 7 Styrene, /^-methylstyrene (pMSt), and 2,6-dimethylpyridine (2,6-DMP) 
(Aldrich Chemical Co.) were freshly distilled from calcium hydride prior to use. 
Isobutylene (IB) and methyl chloride (MeCl) (BOC Gases) were dried by passing the 
gaseous material through a column packed with CaSCL and CaSCL/molecular sieves 
respectively. Methylcyclohexane (MCHex) (99+% anhydrous, packaged under nitrogen 
in SureSeal® bottles), TiCfr (99.9%, packaged under nitrogen in SureSeal® bottles), 
diphenylethylene (97%, DPE), and anhydrous methanol (99.8%, MeOH) were used as 
received from Aldrich Chemical Co. Polymerizations were conducted in an atmosphere 
of dry nitrogen gas in a MBraun Labmaster 130 glove-box (Mbraun, Newburyport, MA) 
featuring a cold heptane/hexane bath chilled by a FTS RC120 recirculating chiller (FTS 
Systems, Stone Ridge, NY) and a liquid nitrogen source regulated by a CN76000 
temperature controller (Omega Engineering, Stamford, CT).
Real-time ATR-FTIR Monitoring o f Block Copolymerization
Block copolymer formation was monitored using the ReactIR 1000 reaction 
analysis system (light conduit type) (ASI Applied Systems, Millersville, MD) equipped
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with a DiComp (diamond-composite) insertion probe, a general purpose type PR-11 
platinum resistance thermometer (RTD), and a CN76000 series temperature controller 
(Omega Engineering, Stamford, CT). This instrument enabled the collection of infrared 
spectra of the polymerization components and monitoring of reaction temperature in real 
time. First, the polymerization of IB was monitored by following the diminution and 
eventual disappearance of the absorption at 887 cm' 1 associated with the =CH2  wag. By 
plotting peak height of the absorbance vs. time, a monomer decay profile for isobutylene 
was generated (example shown Figure II-3). This particular profile indicates that 
complete IB consumption occurred at a reaction time of approximately 3,600 s (1 h). The 
peak height at 887 cm' 1 at any time, Ht, less the reference peak height, Hr, measured prior 
to addition of monomer to the reactor, was assumed to be directly proportional to 
isobutylene monomer concentration. First-order plots were constructed by plotting 
ln{[M]o/[M]} vs. reaction time, where [M]0/[M] = (H0-Hr)/(Hr Hr) and H0 is the height of 
the monomer peak prior to addition of TiCfi. Analysis of styrenic monomer depletion 
was conducted similarly to that of isobutylene, using the peak at 907cm'1 associated with 
the =CH2 wag of both styrene and /?MSt. However, the polymer chains were already 
living at the time the styrenic monomer was introduced; therefore, H0 could not be 
directly measured and instead was set equal to the first-measured height of the 907 cm' 1 
peak immediately after addition of the styrene monomer charge. It was determined in a 
separate study that the first data point in each case was collected at approximately 1 0  
percent conversion.
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Figure II-3. Profile of isobutylene monomer depletion over time, from analysis of 
absorbance at 887 cm'1.
Synthesis o f Block Copolymers by Sequential Monomer Addition.
The following is a representative polymerization procedure for PpMSt-PIB- 
PpMSt: the DiComp probe was fitted into a stainless steel scabbard, and this assembly 
was allowed to equilibrate in the -70°C heptane/hexane bath. The probe remained 
stationary from this point forward. After acquisition of a background spectrum, the bath 
was partially drained, the scabbard was removed, and a 250mL, four-necked round- 
bottomed flask, equipped with a mechanical stirrer, was fitted around the probe. The 
bath was then raised to an appropriate level around the flask and maintained at -70 °C.
Into the flask were charged 83 mL MCHex, 56 mL MeCl (MCHex/MeCl, 60/40 v/v), 
0.043 g (1.5 x 1 O' 4 mol) t-Bu-w-DCC, 0.043 mL (3.8 x 10^ mol) 2,6-DMP, and 10.6 mL 
(1.3 x 10’ 1 mol) IB. The solution was stirred for approximately 15 min, and then 
polymerization was activated by rapid injection of 0.59 mL (5.4 x 10' 3 mol) TiCl4 (neat 
and at room temperature). After approximately 2.5 h (IB conversion > 99% as 
determined by ReactIR analysis), a 5 mL aliquot was removed from the reaction vessel
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and added to 10 mL anhydrous MeOH (-70 °C). Next, 0.26 mL DPE (1.5 x 10"3 mol) 
was charged to the flask and allowed to stir for approximately 1 h. At this point, 2.8 mL 
(0.021 mol) />-methylstyrene diluted with 22.2 mL of 60/40 (v/v) MCHex/MeCl 
cosolvents was added to the active polymerization medium to begin PpMSt block 
formation. Aliquots were removed from the reactor at various times and precipitated into 
separate 10 mL portions of anhydrous MeOH (-70 °C), and the remainder of the reactor 
contents was quenched at 95% monomer conversion with 20 mL anhydrous MeOH 
(-70°C). After quenching, the polymer solution was transferred to a 250 mL beaker, and 
the solvents were allowed to evaporate overnight. The BCP was dissolved in the 
appropriate mixture of hexane and methylene chloride and precipitated into ethanol. The 
final polymer product was collected by vacuum filtration and dried at room temperature 
in a vacuum oven for 48 h. Block copolymers containing end blocks of PS and P(styrene- 
co-pMSt) were synthesized in a similar manner by maintaining the same total styrenic 
monomer concentration, but varying the monomer feed ratio.
Film Casting & Annealing Procedures
P(St-co-pMSt)-PIB-P(St-co-pMSt) materials were cast in approximately 2.5- 
10%(w/v) solutions using toluene (ACS grade from Fisher Company). The solutions 
were poured into poly(tetrafluoroethylene) pans and tightly covered with aluminum foil 
that had several holes from a 27G-syringe needle. The films were formed over a period 
of 8  days at 60°C and then vacuum-annealed for 2 days at 120-140°C. The annealed 
films were transparent and free of voids. As the %/?MSt was increased, bubble defects 
became more common.
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Thermogravimetric Analysis (TGA)
TGA degradation studies were conducted on these materials using a Mettler 
thermal analysis workstation equipped with a TGA 850 unit. Sample sizes were under 10 
mg and heated under 25 ml/min of nitrogen from 30-800°C at a heating rate of 5°C/min in 
alumina crucibles without lids.
Transmission Electron Microscopy
Specimens were prepared for TEM analysis by cryo-sectioning them at an angle 
of 6 ° to the knife at a speed of 1.5-3.5 mm/s on a Reichard-Jung Ultracut E microtome. 
The microtome chamber, diamond knife, and samples were kept between -90 to -120° C. 
Ultrathin sections approximately 70 nm thick were placed on copper TEM grids. In 
addition to the Reichard-Jung microtome, a Leica UC6  and FC6  was also used to section 
samples at similar speeds and at low temperatures (-90° C) using an antistatic device.
The specimens were stained with RUO4 vapor in a Petri dish for 3 min to provide contrast 
for imaging the microphase separated morphology. The sections were viewed using a 
Zeiss EM 109-T electron microscope operating at 80 kV.
Small Angle X-ray Scattering
Experiments were performed at the U.S. Army Research Laboratory at Aberdeen, 
MD by collaborator Dr. Frederick Beyer. SAXS data was collected using a modified 
Anton-Paar HR-PHR camera with pinhole collimation. The incident Cu photons were 
generated using a Rigaku Ultraxl8  rotating anode X-ray source operated at 40 kV and 60 
mA. A 0.013mm thick Ni foil was used to remove unwanted radiation, giving an
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effective wavelength of 1.5418A. Data were collected on a Molecular Metrology 2-D 
multi wire detector, located 63.8 cm from the sample position, and then azimuthally 
averaged for interpretation of intensity, I(q), where q is the magnitude of the scattering 
length vector, q=4 7 t*sin(0 )/A, and 20 is the scattering angle. The samples for SAXS were 
conducted with the X-ray beam incident normal to the plane of the sample. Then the 
samples were cut into strips and mounted on edge, so that the X-ray beam would be 
incident in the plane of the sample for better Bragg reflections.
Differential Scanning Calorimetry
The thermal properties of these BCPs were studied using a TA DSC Q100 
thermal analysis workstation equipped with modulation capabilities (MDSC). In 
previous work by Mauritz et al., the PS block phase Tg was seen to be essentially 
undetectable in scans of these block copolymers when a modulated DSC system was not 
utilized. 8 ,9 This may be due, in part, to the fact that the PS blocks constitute the minor 
phase and are not of high molecular weight. The PS block Tg can in fact be seen using 
dynamic mechanical analysis, which is more sensitive to glass transitions.
Cooling and heating scans of the samples (10-16 mg) were run over a temperature 
range of -80 tol50°C at 10°C/min using modulations of either 1° C every 30 sec or 5° C 
every 30 sec. During a scan, a periodic temperature modulation was superimposed. By 
using modulation, nonreversible and reversible phenomena were distinguishable and 
allowed for higher resolution. The Tg values were taken to be the temperature 
corresponding to the well-defined minimum in the first derivative curves, i.e., inflection 
point.
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Dynamic Mechanical Analysis (DMA)
DMA studies were conducted on these materials using a Thermal Analysis Q800 
system in tensile mode using strain control with an amplitude of 2 0  pm and frequency of 
1 Hz with a temperature ramp of -90 up to 150° C.
Mechanical Properties
The tensile testing was conducted using a screw driven Mechanical Testing 
System (MTS) following a modified ASTM D882 test procedure. The samples had an 
average thickness of 0.024in, width of 0.389in, and length of 2.4in. The load cell used 
was 2250 lbf cell with a strain rate of 2.0 in/min.
Results and Discussion
TEM & SAXS
The TEM analysis of series 1 samples showed spherical rather than cylindrical 
morphology due to the %PS being near the borderline between phases at ~22 weight 
percent incorporation of PS/PpMSt. 10 An interesting effect observed in TEM is the 
increase in the domain size starting at 70-80%/?MSt to a maximum near 100% 
incorporation of pMSt. The increase in domain size is selectively seen in Figure II-4. 
Both SAXS and TEM illustrate this trend as shown in Figure II-5. PpMSt naturally has 
larger domains then PS chiefly as a function of more aliphatic units present, which hinder 
efficient packing thus creating more free volume. The aliphatic units could also act as 
compatibilizers allowing the phases to have more surface area resulting in a decrease in 
sphere size.
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Figure II-4. Selected TEM images showing an increase inpMSt/St domains: a) 93.6% 
pMSt. b) 54.7 %pMSt. c) HomoPS.
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Figure LI-5. Series I d -  spacing by SAXS and diameter of spheres by TEM.
The SAXS scattering profiles verified the increase in domain size by TEM and 
this can be seen in Figure II-6 . These results illustrate that long-range order in the system
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is not present. There is some order, but because of the lack of peaks at higher q the order 
is short ranged or fluid-like.11 This lack of order may be a result of incorporation of the 
pMSt itself. Gido et al. demonstrated that random placement of styrene blocks along a 
butadiene backbone hindered long-range order.12 The />MSt in our studies may have a 
similar effect. As the percent /?MSt increases, the second scattering peak becomes more 
difficult to locate as pMSt increases above 80% (Figure II-6). Also, above 80% is the 
range over which the PS domains increase in size.
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Figure II-6. Out-of-plane SAXS data that illustrates increased Bragg spacing with 
increasing />MSt.
It might be considered that pMe groups at the hard/soft block domain interfaces 
might act somewhat as phase compatibilizers relative to the condition of having pure PS 
blocks. The reduced interfacial surface tension would cause the spheres in series 1 to 
become smaller. This, in fact, is not observed in series 1, although in the second-series
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based on Table II-2, this phenomenon is observed. Figure II-7 illustrates the d spacing 
and domain size for the second series materials by both SAXS and TEM methods, 
respectively. The cylinders are larger for 0 % /?MST, but with increasingly added /?MSt 
the domains decrease in size effectively rearranging the large cylindrical domains to 
smaller cylindrical domains so there is a lowered surface:volume ratio. Then, there is an 
increase in domain size at ~ 100% pMSt. This increase in size may be attributed directly 
to free volume increases. The SAXS data closely tracks the TEM data.
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S h o w n  in  T a b le  II-3  are th e  q /q *  p e a k  ra tio s . T h e  d ata  fo r  se r ie s  2  s h o w  a  g rea ter  
degree of order as compared to series 1. The ratios for series 2  closely match the 
common diblock cylindrical morphology ratio of 1, V3, V4, V7. Cylindrical morphology 
is further reinforced by the TEM images of cylinders shown in Figure II-8A-E.
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Table II-3. SAXS q peak relative values and Bragg plane spacings (d) for series 2 
materials.
Sample Peak q Ratio Sample Peak q Ratio
340-47A q* 1.000 340-46B q* 1.000
1.70% ql/q* 1.631 28.30% ql/q* 1 .719
pMSt q2/q* 2 .6 7 5 pMSt q2/q* 1.958
q3/q* 3 .0 2 3 q3/q* 2 .6 0 6
q4/q* 2 .9 5 9
340-46A q* 1.000 340-45B q* 1.000
52.20% ql/q* 1 .705 61.40% ql/q* 1.686
pMSt q2/q* 2 .0 2 9 pMSt q2/q* --
q3/q* 2 .6 0 6 q3/q* 2.601
q4/q* 2 .9 0 2
527-23A q* 1.000 Reference 1 1.000
96.80% ql/q* 1 .947 V3 1.732
jpMSt q2/q* 2 .6 2 3 V4 2.000
q3/q* 3 .4 6 2 V7 2 .6 4 6
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Figure 11-8. TEM micrographs that illustrate the initial decrease followed by the 
increase in size of cylindrical domains. A) 340-47A ~1.7 %pMSt. B) 340-46B -  28.3 
%pMSt. C) 340-46A -  52.2 %pMSt. D) 340-45B -  61.4 %/?MSt. E) 527-23A -  96.8 
%pMSt.
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Interfaces that are rendered more compatible by insertion of aliphatic pMSt 
groups in the hard blocks would be characterized by a more favorable (lowered) Flory 
interaction parameter, %. Due to the increased compatibilization, the material could adopt 
a higher energy morphology such as spheres. This in fact does take place. In series 2 a 
number of samples were synthesized in an attempt to create 100% /?MSt blocks that 
would generate cylindrical domain morphology. Finally, a sample with 47% />MSt/St 
weight fraction had to be created to be able to obtain cylinders using ~100 %/?MSt. This 
is a much larger wt% fraction than is typical for a PS/PIB triblock system. 47% PS 
would normally produce lamellar morphology. The spherical morphology seen in Figure 
II-9 was the result of all the other trials listed in Table II-2. This is further evidence that 
even though the methyl group is quite small, it can cause a significant degree of inter­
phase compatibilization.
Figure II-9. TEM showing spherical morphology in 340-52B, which was one of the trials 
to obtain 100% /?MSt with cylindrical domains.
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Physical Testing
There were limited available quantities of series 1 samples for destructive testing 
so that it was not possible to calculate error bars for data points. However, series 2 was 
produced in sufficient quantities for numerous trials. Yield properties have been 
excluded from this discussion as it is not of interest in this study, and, moreover, there 
were no discemable trends.
The tensile modulus and peak stress for series 1 display a bimodal curve with the 
lower mechanical properties appearing between the two maxima as seen in Figures II- 
10A and II-11 A. The first initial increase in both modulus and peak stress could be due 
to /?MSt being pushed to the interface of the spherical domains (Figure II-11 A&B). It 
might be considered that the methyl groups prefer to be excluded from the PS phase and 
enter the PIB phase so as to act as a compatible layer surrounding the PS domains. Not 
only would this cause better compatibilization relative to pure PS domains, it would 
allow for the methyl groups to act as multiple anchor points. This would hold the phases 
together better during stress by better distribution of the load among the C H 3  moieties in 
addition to just the covalent connection between the PIB and PS blocks. It is also 
possible that the addition of pMSt groups help to solubilize the two phases allowing for 
more entanglement at the interface.
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Figure 11-10. Tensile modulus vs. % pMSt in the final polymer. A) series 1. B) series 2.
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As the relative amount of pMSt increases, the phases become larger as seen in 
Figures II-4 and II-8. The most probable cause is an increase in the free volume of the 
domains since/>MSt would be more difficult to pack than styrene units. The only way to 
add more methyl groups to the interface and avoid the domain size increase would be to 
increase the surface area of the PS domain by more numerous, smaller domains, which is 
not observed in series 1. After 70% incorporation of/?MSt, the spherical domains’ larger 
sizes result in the loss of mechanical integrity afforded by the smaller domains.
The addition of free volume (no domain size increase) is likely the cause of the 
decrease in properties around 60% /?MSt incorporation while the second maximum in 
modulus and peak load occurs during the increase in the domain size at around 75-80% 
incorporation of />MSt (Figure 11-10). It is also likely that due to the variation in series 1 
that the true shape of this curve is not bimodal, but just has a maximum. As the minor 
phase domains continue to increase in size, no further property enhancement is observed.
For series 2, Figure II-10B shows an increase of the modulus as the %pMSt is 
increased. Peak load from series 2 in Figure II-l IB matches that of series 1 with the 
trend differences only existing for the modulus data. It is possible that this trend 
difference is a direct result of the morphology since the spheres and cylinders behave 
differently as />MSt is added.
The series 2 modulus results do match up with the DMA results shown in Figures 
11-12 and 11-13. These DMA results are produced using a small oscillation in the pm 
scale. The result should correlate well with the modulus data, because the data is 
obtained in the elastic region of the stress-strain curves.
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Figure 11-12. E’ vs. T for series 2 samples. The inset shows the percent of pMSt in 
each polymer.
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Figure 11-13. Tan 8 vs. T for series 2. The inset shows the percent ofpMSt in each 
polymer.
In general, all the E’ vs. T plots show a low temperature glassy region, followed 
by a rubbery plateau which is followed by the onset of viscous flow at high temperatures. 
The greatest decline in E’ from the glassy state is obviously due to passing through the 
glass transition of the PIB phase. Homo-PS and homo-pMSt show the greatest modulus 
over the rubbery plateau region, while the intermediate samples are weaker as similarly 
shown in the modulus plot in Figure II-10B. The trend in the E’ in the rubbery plateau 
region drops and then rises with increasing pMSt, which seems to correlate with Figure 
11-10 B.
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The tan 8 vs. T plots seen in Figure 11-13 show details that suggest two phases. In 
the low temperature region there is a strong peak that consists of two components, one of 
which must be the glass transition of the PIB phase. In earlier studies, PS-PIB-PS 
triblock copolymers were observed to have this compound low temperature relaxation 
where the lowest temperature component was assigned to the glass transition of the PIB 
phase and the higher temperature component was associated with sub-Rouse motions.13 
This sub-Rouse relaxation is intermediate in both length and time scales between the fast 
segmental and the Rouse modes. The Rouse segment is defined as a section of a polymer 
chain that is long enough such that the distribution of end-to-end distance approximates a 
Gaussian probability distribution.14 On the other hand, segmental relaxation associated 
with the glass transition primarily involves the correlated motions of only a few bonds in 
the backbone.15 While Rouse segmental motions occur at longer time scales compared to 
local segmental motion, the sub-Rouse relaxation involves segmental motion with larger 
length scales but involving less repeat units than the shortest of the Gaussian 
submolecules as defined by the Rouse model.16,15 Based on photon correlation 
spectroscopy, Plazek and co-workers saw two separate transitions for PIB and attributed 
the relaxation process at a shorter time scale to local segmental motion, while the 
shoulder was attributed to a relaxation at a longer time scale, i.e., the sub-Rouse mode.16 
Thus, the sub-Rouse mode is activated at a higher temperature as is seen on the tan 8 vs.
T curves. There is clearly one relaxation in the high temperature region of the tan 8 plots 
and it is logical to assign this to the glass transition of the PS/PpMSt phase.
The stress-at-break has two maxima, one occurring at 30-50% and another at 80% 
in series 1 (Figure II-14A), while series 2 has one maxima (Figure II-14B). At 30%
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/?MSt, there is no size increase observed in TEM and by SAXS. It is proposed that the 
C H 3 moieties have migrated to the interface. At 80% /?MSt, the domain size has 
increased allowing for fewer C H 3 moieties at the interface. The low valley in the data for 
series 1 is most likely an artifact due to molecular weight variations. The strain at break 
continues to increase reaching a maximum around 70-80% incorporation of pMSt in the 
end blocks (Figure 11-15). This number is very close to the point where the minor phase 
domains begin to increase in size. As the PIB phase orients under deformation, the minor 
phase domains with excess free volume can also orient to some degree as the strain 
continues to increase. However, again, the most likely explanation for the bimodal 
curves in Figures II-14A and II-15A is simply molecular weight variations in series 1. In 
fact, if the Mn values from Table II-1 are compared to the modulus, peak load, strain at 
break, and stress at break it tracks the curve shape. This suggests that series 1 could be 
Mn dependent. While series 2 follows an overall similar trend to series 1 as shown in 
Figure II-14B and II-15B for example, there seems to be no Mn correlation as there is 
with series 1.
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Figure 11-14. Stress at break versus % /?MSt in the final polymer. A) series 1. B) series 2.
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Figure 11-15. Strain at break versus % pMSt in the final polymer. A) series 1. B) series 2.
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From all of the physical testing results for both series 1 and 2, the optimal 
incorporation of pMSt in the end blocks is 30-60% for increased toughness and load.
In this range the CH3 moieties are theorized to behave as a compatibilizer allowing for 
the two phases to be more soluble in each other. With any amount of incorporation of 
/>MSt, the energy to break/toughness of this material is increased, reaching a maximum 
between 30-60% (Figure II-16A&B). Toughness is one of the most interesting properties 
of thermoplastic elastomers as it relates to the range of endurance of which materials are 
capable. Fortunately, both series 1 and 2 show great improvement in toughness with 
pMSt incorporation; in some cases the material is 10 times as tough.
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DSC
A representative DSC scan, shown in Figure 11-17, of the BCP shows two glass 
transitions where the lower Tg corresponds to the PIB inner block phase and the higher Tg 
is for PS/P/?MSt outer block domains. The distinct nature of these transitions suggests 
good phase separation and the simple structure of the high temperature endotherm 
indicates that the St and pMSt units are randomly dispersed in the outer blocks rather 
than segregated. The trend of the scans is such that, as the percent £>MSt is increased, Tg 
for the PS/pMSt outer blocks increases as shown in Figure II-18. This overall increase in 
Tg, while showing data point fluctuation, can be attributed to the increasing hindrances to 
block segmental mobility by the insertion of more of the bulkier methyl groups on the 
rings.
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Figure 11-17. Representative modulated DSC scan of a BCP of 10:90 St/pMSt outer 
block composition, showing two glass transitions.
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Figure 11-18. Increasing trend of poly(St-co-pMSt) outer block Tg vs. percent pMSt in 
series 1.
The DMA tan 6 curves shown in Figure 11-13 illustrate an increase in Tg between 
100% St and 100% /?MSt. It is difficult in series 2 to obtain the Tg values for the in- 
between intermediate samples. However all evidence from model end block studies by 
Storey et al. and in-depth studies of series 1, suggests that the Tg is increased 
proportionally as percent />MSt is increased.4
Conclusions
This study showed that as the aliphatic content, present in the form of methyl 
groups on />MSt comonomers, increased, the hard block domain size increased in series 1
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as seen by TEM and SAXS studies. On the other hand, in the series 2 materials, there 
was a decrease in domain size providing more surface area and this was followed by an 
increase in domain size. It is curious as to why the hard spheres do not decrease in size to 
provide more surface area for the CH3 moieties to migrate to the interface. Perhaps there 
is a limit on the size to which a sphere can reduce, whereas the cylinders start off 
considerably larger at ~50 nm for 100% PS endblocks versus ~25 nm for ratios of 
StrpMSt.
In both cases the increase in hard block domain size most likely results from an 
increase in free volume due to a less efficient packing of pMSt units as compared to St 
units. The parameters characterizing mechanical properties increased with addition of 
pMSt, and followed a bimodal trend in tensile properties for series 1. Again, it is 
possible that the bimodal pattern is a result of Mn variations in series 1. Series 2 follows 
no such pattern, and with only 5 samples in series 2, it is difficult if not impossible to 
authenticate or deny the existence of a bimodal set of properties. However, the opinion is 
offered that the bimodal trend is an artifact.
The DSC and DMA data suggested random incorporation of St and pMSt units 
by the shift of one combined Tg in the outer blocks. Since only one Tg is present, a 
random copolymer structure is likely. The maxima in mechanical properties was 
observed at approximately 30-60% pMSt. This can be explained by the CH3 moieties in 
the system acting as phase compatibilizers and anchors in-between the PIB and PS 
domains or by improving the solubility between the PS/pMSt and PIB phases allowing 
for more entanglement at the interface. As free volume continues to increase beyond this 
/?MSt composition range, it is hypothesized that the properties diminish due to a
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continuing increase in free volume which serves to cause the cohesion in the hard block 
domains to deteriorate. By the addition of as little as 20% pMSt, the properties and 
performance of this material are enhanced with fewer incidents of coupling during the 
synthesis. The incorporation of /?MSt into the synthesis of PS-PIB-PS allows for the 
possibility of drastically improving the properties of these thermoplastic elastomers.
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CHAPTER III
MORPHOLOGY OF ?OLY[TERT BUTYL ACRYLATE-STYRENE-ISOBUTYLENE- 
STYRENE-TERT BUTYL ACRYLATE] PENTABLOCK ABCBA TERPOLYMERS 
THAT ARE THERMALLY CONVERTED TO THE ACRYLIC ACID FORM
Introduction
This chapter describes studies of a pentablock terpolymer, poly[(ter/-butyl 
acrylate)-6-styrene-h-isobutylene-h-styrene-(/erf-butyl acrylate)], PtBuA-PS-PIB-PS- 
PfBuA, that served as a precursor material for the final material that was converted to 
acrylic acid end blocks and is discussed in later chapters. The tert-butyl acrylate repeat 
units were later converted to the acrylic acid form both thermally and chemically. The 
film formation conditions, morphology and spectroscopic results of these two materials 
will be described.
The ultimate goal of this work is to generate multifunctional permselective 
membranes with tailored diffusion pathways due to highly articulated phase separated 
morphologies. One of the pathways is expected to be hydrophilic or ionophilic in nature. 
In the interest of efficiently generating poly(acrylic acid), PAA, blocks in pre-synthesized 
P/BuA-PS-PIB-PS-PfBuA pentablock terpolymers, a thermal conversion process was 
explored. The two pentablocks used in this study are shown in Figure III-l. Pentablock 
terpolymers containing tBuA groups can undergo chemical hydrolysis in the typical 
procedure to yield acrylic acid groups. For this particular polymer, this can be 
accomplished by placing the polymer in 1,4-dioxane and concentrated HC1 for 3h at 80°
47
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C as shown in Figure III-2. This process is neither chemically intensive nor difficult, but 
the polymer must be dissolved, reacted, cleaned, and dried before further use.
H3C |^^CH3
c h 3
Figure HI-1. Pentablock terpolymers of PfBuA-PS-PIB-PS-PfBuA (top) and PAA-PS- 
PIB-PS-PAA (bottom).
Refluxing 1,4-Dioxane
conc. HC1, 3 hr, 80°C HOOH
Figure III-2. Chemical hydrolysis of poly(/-butyl acrylate).
Another technique that yields a similar result is performed with the simple 
addition of heat that causes a beta-type scission. This method allows for the tert-butyl 
groups to be converted to acrylic acid groups without dissolving the polymer or further 
sample clean-up.
Block Copolymer Synthesis and Experimental
Materials
The PrBuA-PS-PIB-PS-PtBuA triblock terpolymers synthesized by the Storey 
Research Group had an average Mn = 41,500 g/mol with a polydispersity index (PDI):
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1.42. The isobutylene and styrene content was 53% and 14% respectively so that the 
largest block fraction would form an elastomeric phase; the PAA or P/BuA outer blocks 
constituted approximately 33% of the polymer based on Xn.
Film Casting & Annealing Procedures
PfBuA-PS-PIB-PS-PtBuA materials were cast from approximately 10% (w/v) 
solutions using THF solvent (99.9% from Fisher Company). Solutions were poured into 
Teflon pans and tightly covered with aluminum foil in which several holes were punched 
with a 27G-syringe needle to allow for slow vapor release and better film formation.
Films were formed over a period of 6-8d at 60° C then vacuum-annealed for 2d at 100- 
110° C. After the solvent was driven off the films were transparent. However, after 
annealing at high temperature under vacuum, the films were observed to contain bubbles.
Thermogravimetric Analysis (TGA)
TGA studies were conducted on these materials using a Mettler thermal analysis 
workstation equipped with a TGA 850. Sample sizes were 10-15 mg. Samples were 
heated under 25 ml/min of nitrogen from 30-800° C at a heating rate of 10° C/min in 
alumina crucibles with and without lids.
Infrared Spectroscopy (IR)
The FTIR/ATR apparatus that was used to verify the desired reactions was a 
SensIR 3-reflection horizontal attenuated total reflectance module connected to a Bruker
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Equinox 55 FTIR bench. The ATR module contained a composite ZnSe/diamond crystal 
fixed at an angle of 45°.
Transmission Electron Microscopy (TEM)
Specimens were prepared for TEM inspection by cryo-sectioning samples at an 
angle of 6° relative to the knife at a speed of 1.5-3.5 mm/s on a Reichard-Jung Ultracut E 
microtome. The microtome chamber, diamond knife, and samples were kept between -90 
to -120° C. Ultrathin sections approximately 70 nm thick were placed on copper TEM 
grids. The specimens were stained with RuCL vapor in a Petri dish for 4 min to provide 
contrast for imaging the microphase separated morphology. The sections were viewed 
using a Zeiss EM 109-T electron microscope operating at 80 kV.
Atomic Force Microscopy
Tapping mode AFM was performed using a Digital Instrument Dimension 3000 
Nanoscope Ilia. The applied tapping frequency was ~ 1 Hz and the ratio of the root- 
mean-square (RMS) free amplitude of the cantilever to the set point was kept at ~ 0.6 in 
most samples. In order to minimize artifacts, all bulk sample surfaces were smoothed 
using a diamond knife prior to acquiring the phase images. Tapping mode was used to 
preserve the surface topography of the sample, so that the results were reproducible.
Small Angle X-ray Scattering
Specimens were probed by SAXS at the National Synchroton Light Source at 
Brookhaven National Laboratory. The SAXS system was beam line X3 A2 with a camera
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length = 180.1 cm and the X-ray wavelength was 1.55 A. Beam time was provided by 
the Moore Research Group with testing conducted by Dr. Robert Moore, Kirt Page, and 
Alan Phillips.
13C Solid-State Nuclear Magnetic Resonance (SSNMR) Spectroscopy
T TXTTTVSSNMR spectroscopic analyses were performed using a Varian INOVA 400 
spectrometer using a Chemagnetics three channel 4 mm PENCILO-style probe. Samples 
were loaded into zirconia rotor sleeves, sealed with Teflon™ caps, and spun at a rate of 
7.0 kHz. The standard cross-polarization/magic angle spinning (CP/MAS) technique was 
used with high-power proton decoupling implemented during data acquisition.1 The 
acquisition parameters were as follows: The ’H 90° pulse width was 3.5 ms, the cross­
polarization contact time was 1 ms, the dead time delay was 6.4 ms, and the acquisition 
time was 45 ms. A recycle delay of 3 sec between scans was utilized, and the *H 
decoupling field of 100 kHz was implemented during acquisition.
Results and Discussion
The P/BuA-PS-PIB-PS-P/BuA material was brittle due to the fact that both the PS 
and P/BuA blocks have their Tg values above room temperature. The polymer before 
vacuum-annealing was brittle and broke quite easily with little stress; however, after 
annealing, the polymer became flexible, changed color, and became difficult to dissolve 
in common solvents.
A reaction of /-butyl groups is believed to follow a beta type scission as depicted 
in Figure III-3. P/BuA is known to undergo scission with the addition of heat + vacuum
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to yield acrylic acid functionalities wherein the ether and f-butyl groups go through the 
following rearrangement.
Figure HI-3. Mechanism of thermal conversion of /BuA groups to acrylic acid (AA) 
groups.
TGA
The thermal degradation profile of P/BuA-PS-PIB-PS-P/BuA that is seen in 
Figure III-4 shows approximately 22% weight loss at 233° C. This loss is in fact close to 
the weight of the tert-butyl groups which theoretically constitute 21% of the weight of the 
entire polymer. This weight loss is occasionally accompanied by violent off-gassing that 
produces variation in the data. The second weight loss step of -36% is most likely due to 
the release of residual H2 O from the polymer, H2 O evolved due to OH groups that 
combine to form a 6-member cyclic ring2, and, of course, chain degradation. Also, 
during the second loss step, crosslinks can form rather than anhydride formation. This 
process is not favorable, but possible nevertheless.
+  - T ~
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Figure DI-4. TGA degradation profile of P/BuA-PS-PIB-PS-P/BuA. Chemical reaction 
events are indicated.
FTIR/ATR Spectroscopy
The FTIR spectrum of P/BuA-PS-PIB-PS-P/BuA is shown in Figure III-5. The 
bands of interest are at 1150, 1728, and 2400-3400 cm'1 as they are signatures of /-butyl 
acrylate group scission.
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Figure HI-5. FTIR/ATR spectrum of Pfi3uA-PS-PIB-PS-P/BuA before beta-type 
scission.
The FTIR spectra of the samples, seen in Figure III-6, illustrate that significant 
chemical changes do occur during the heat-vacuum treatment. Scission of f-butyl 
acrylate groups creates acrylic acid groups, the evidence for which is an increase in 
absorbance in the region for O-H bond stretching vibrations in acrylic acid groups and the 
fact that the carbonyl peak shifts from 1728 to 1710 cm'1. Also, there is a shift in the C- 
O stretching signal from 1150 to 1170 cm'1. These results show that scission occurred, 
but it is not certain from this analysis that all tert-butyl groups were cleaved in this way.
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Figure III-6. FTIR/ATR spectra before and after beta-type scission: Absorbance
increases in the range 3400-2400 cm'1 by the generation of COOH groups; the C=0 band 
shifts from 1728 to 1710 cm'1; the C-0 band shifts from 1150 to 1170 cm'1.
SSNMR Spectroscopy
It was important to confirm whether full or partial fBuA group scission occurred. 
13C SSNMR spectroscopy was used to answer this question because of the inability of the 
pentablock material to dissolve in common deuterated solvents for a lock on the signal. 
This insolubility problem was the same as that for the case where /BuA groups were 
hydrolyzed to acrylic acid.
Simulations of the NMR spectrum using model compounds were conducted to 
p red ic t  th e  c h a n g e  fro m  P tB u A  to  P A A  p e n ta b lo c k  c h e m ic a l stru ctu res. T h e  p r e d ic tio n s  
were created using ChemDraw Ultra 7 software which calculates chemical shift changes 
affected by directly attached functional groups. The prediction was generated by using a
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simple base molecule and adding the amount of shift normally associated with the 
functional groups attached to the base.
Figure III-7a illustrates a prediction for the chemical shifts of P/BuA-PS-PIB 
based on the simple small molecule homologue that is shown. The position of the 
carbonyl group is estimated at 172 ppm while the tert-butyl methyl is located at around 
29 ppm. Figure III-7b illustrates a small molecule model prediction of PAA-PS-PIB. The 
/er/-butyl methyl groups at 29 ppm disappear and the carbonyl peak shifts from 173 ppm 
to 177 ppm.
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Figure HI-7. 13C NMR small molecule prediction model of (a) PffiuA-PS-PIB and (b) 
PAA-PS-PIB chemical structures.
T h e  a ctu a l e x p e r im e n ta l S S N M R  sp ec tr a  w e r e  s im ila r  to  th o s e  p r e d ic te d  b y  th e
model compound calculations. A spectrum of PfBuA-PS-PIB-PS-PtBuA is shown in
11Figure III-8. The carbons in the phenyl ring are difficult to determine in C SSNMR 
spectra as all the peaks are broadened due to low chain mobility in these hard blocks.
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The tert-butyl methyl peak, labeled h, can clearly be seen as well as the carbonyl peak, 
labeled f. All other unlabeled peaks in this spectrum are spinning sideband artifacts, 
which is a byproduct of this solid state NMR procedure.
= o
180 1€0 140 120 100 80 €0 40 20 ppm
Figure HI-8. 13C SSNMR spectrum of unmodified P/BuA-PS-PIB-PS-P/BuA showing 
peak assignments.
An NMR spectrum of PAA-PS-PIB-PS-PAA produced by chemical hydrolysis is 
shown in Figure III-9. The methyl group carbon peak of tert-butyl (h) at 29 ppm is no 
longer seen while the carbonyl peak (f) that was near 175 ppm has shifted to 180 ppm. 
The unhydrolyzed and hydrolyzed sample spectra are shown together in Figure III-10. As 
mentioned, all other peaks in this spectrum are spinning sideband artifacts, which is a 
byproduct of the solid state NMR experiment. Due to the nature of this test, peaks cannot 
be integrated to offer more qualitative information on composition. Nonetheless, the 
disappearance of tert-butyl groups is a significant result.
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Figure III-9. 13C SSNMR spectrum of heat-vacuum produced PAA-PS-PIB-PS-PAA 
showing peak assignments.
   PfBuA-PS-PIB-PS-PfBuA
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Figure ffl-10. 13C SSNMR spectra of PtBuA-PS-PAA-PS-PffluA and PAA-PS-PIB-PS- 
PAA produced with chemical hydrolysis.
Having established that 13C SSNMR spectroscopy is capable of verifying 
conversion to COOH groups in the outer blocks by chemical hydrolysis, the samples that
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were converted to the acrylic acid form with the addition of heat + vacuum were then 
analyzed. The spectrum of a heat + vacuum-reduced sample, as well as that of a 
chemically hydrolyzed sample, is shown in Figure III-l 1. Again, the size and height of 
the peaks do not allow for deriving quantitative compositions. However, if any fBuA 
groups remained, this technique would be capable of distinguishing them with an error of 
5-10%. As seen in Figure III-11, the sample that underwent heat-vacuum treatment 
shows full reaction according to the NMR spectrum. TGA indicated a 25% weight loss at 
233° C, which is consistent with the conversion of the end blocks from PrBuA to PAA 
functionality.
Chemically Hydrolyzed Pentablock 
Vacuum Oven Pentablock
200 180 160 140 120 100 80 60 40 20
ppm
Figure H I - 1 1 .  C o m p a r iso n  o f  th e  13C  S S N M R  sp ec tru m  o f  a  c h e m ic a lly -h y d r o ly z e d  
pentablock terpolymer with that of a corresponding sample that underwent beta type 
scission by heat to produce PAA endblocks.
PfBuA-PS-PIB-PS-PfBuA was heated with no vacuum at 250° C for 15 min.
Figure III-12 clearly indicates two carbonyl signals; however the methyl group carbon
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peak for the tert-butyl group at 29 ppm is no longer seen. This indicates full conversion, 
while the lower carbonyl peak is most likely due to formation of the anhydride ring with 
the carbonyl predicted to shift to 171 ppm by ChemDraw Ultra 7.
200 180 160 140 120 100 80 60 40 20
ppm
Figure DI-12. 13C SSNMR spectrum that shows full PfBuA scission with anhydride ring 
formation.
TEM&AFM
13C SSNMR spectroscopy suggests that the degree of conversion to the acid form 
is -100%, although there can be a 5-10% error in this number. It should be noted that, 
due to the reaction that occurs during annealing, this sample may not have had time to 
reach equilibrium morphology after it lost approximately 22% of its weight. This must be 
considered when viewing microscopic images.
Tapping/phase AFM images of PfBuA-PS-PIB-PS-PfBuA before the heat-vacuum 
treatment are shown in Figure III-13 and a TEM image of the same sample is displayed in
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Figure III-14. The morphology appears lamellar from both the AFM and TEM 
perspectives. The AFM interdomain spacing ranges from 30-35 nm, which is in good 
agreement with the interdomain spacing of 25-35 nm derived from the TEM image.
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Figure IQ-13. AFM tapping/phase image of different regions of the microtomed surface 
of a P/BuA-PS-PIB-PS-P/BuA sample.
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Figure IQ-14. TEM micrograph of the P/BuA-PS-PIB-PS-P/BuA sample whose AFM 
image is Figure 10 before the heat-vacuum treatment.
An AFM image of heat + vacuum induced PAA-PS-PIB-PS-PAA morphology is 
seen in Figure III-15. This phase image clearly shows small features of circular cross 
sections of dimensions of 12-40 nm and undefined ‘blobs’ of hard regions that are most 
likely PS and PAA-rich domains. This is reasonable considering that the PIB blocks 
constitute the major continuous phase in this polymer (53%) seen as the darker regions in 
this image, whereas the PAA composition was 33%. PS has only 14% as indicated by 
Xn. Perhaps the small circular areas are PS while the undefined hard areas are PAA in 
composition. Perhaps this poorly formed phase separated morphology is not of an 
equilibrium nature owing to retarding influences on chain organization operative within 
the experimental time frame of sample preparation. It is conceivable that hydrogen 
bonding interactions between heat-generated -COOH groups retarded the evolution of an
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equilibrium 3-phase morphology. This issue is addressed in the annealing studies that 
will be discussed.
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Figure IQ-15. AFM tapping/phase image of the morphology of a PAA-PS-PIB-PS- 
PAA sample that was annealed under vacuum.
TEM studies were conducted of the heat-vacuum treated sample, and morphology 
similar to that shown by AFM is seen in Figure III-16 and III-17. In these images, PIB 
and PAA blocks are thought to form the larger domains, while a minor PS phase, 
assumedly, takes the form of spherical particles. There are two types of spherical shapes 
in Figure 111-17. The darkest objects are less than 50 nm in size and since the PS blocks 
will absorb this particular staining agent more efficiently than will the PAA blocks, these 
objects are reasonably assigned to PS. However, some spheres are light gray which may 
suggest that these are of PAA composition. Or, all of the spheres may be of PS 
composition with those near the surface absorbing the staining agent more effectively.
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Figure HI-16. TEM micrograph of thermally-induced PAA-PS-PIB-PS-PAA.
Figure HI-17. TEM micrograph of a PAA-PS-PIB-PS-PAA sample that was heated 
under vacuum, showing two different types of spherical domains.
In order to address this question, various staining times (3 to 9 min) were used for 
TEM analysis to gain insight into whether all spheres belong to one phase composition. 
The result was that the light gray spheres did not take up additional staining which might 
suggest there are two phases in spherical domains. Instead, the staining agent 
accumulated in large areas throughout the sample as shown in Figure III-18.
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Figure IK-18. Result of excess staining a PAA-PS-PIB-PS-PAA sample, in the region 
of a tear.
Then, these same PAA-PS-PIB-PS-PAA samples were recast in THF and 
annealed again. A greatly more ordered morphology consisting of hexagonally packed 
cylinders resulted as shown in Figure III-19.
It might be considered that the PAA phase has anhydride groups present although 
these groups would be unstable in the presence of water. If the PAA phase would be 
continuous, water could diffuse throughout and open the anhydride rings. The axes of 
these cylinders are spaced by ~ 25-35 nm. No clearly defined third phase is apparent.
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Figure HI-19. TEM images of recast and annealed PAA-PS-PIB-PS-PAA showing 
improved morphology.
The microscopy studies were complemented with SAXS investigations of 
morphology. SAXS provides another perspective of the degree of long range packing 
order. Intensity vs. q profiles and Bragg spacings associated with peaks are shown in 
Figures 111-20 and III-21 for both the PtBuA-PS-PIB-PS-P/BuA and the PAA-PS-PIB- 
PS-PAA materials that were subjected to the second annealing process that produced the 
well-defined hexagonal cylinder packing seen in Figure III-19.
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Figure IU-20. SAXS scattering intensity vs. q profile and integration of an un-annealed 
P/BuA-PS-PIB-PS-P/BuA sample.
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Figure m -21. SAXS intensity vs. q profile and integration for a twice-annealed PAA- 
PS-PIB-PS-PAA sample.
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The SAXS profile for P/BuA-PS-PIB-PS-PfBuA showed two peaks. The peaks at 
higher q value is close to the relative q location for the second peak for lamellar 
morphology (2.052 vs. 2.00) although there are no higher order peaks, which is also 
illustrated by the lack of rings in the 2-D scattering pattern that is an inset in Figure HI- 
20. This implies that there is no highly developed long ranged order between the 
scattering centers for this sample. 3 ,4  The SAXS results are in good agreement with both 
the AFM and TEM images of this polymer, in Figures III-13 and III-14, that also indicate 
poor long range ordering, and the inter-lamellar spacing measured from the TEM image 
(25-35) nm and the primary Bragg spacing derived from SAXS (30 nm) are in good 
agreement.
There are three peaks on the scattering curve for the twice-annealed PAA-PS- 
PIB-PS-PAA sample as seen in Figure 111-21. The peak q positions are close to a 
sequence that for the simpler A-B-A triblock copolymers having hexagonal packed 
cylinder this morphology. This is puzzling considering that a more complex three phase 
morphology is expected. However, as shown in a later chapter, these pentablock 
terpolymers seem to take on the Bragg spacings of triblocks. A higher degree of long 
range order, relative to PtBuA-PS-PIB-PS-P/BuA, is also seen in terms of the better- 
defined rings in the 2-D pattern that is the inset in Figure 111-21 as well as in the TEM 
image in Figure III-19. It is possible that a third phase is contained within another phase 
which may not significantly alter the Bragg spacing. The primary Bragg spacing by 
SAXS (34 nm) and the interdomain spacing measured on the TEM image (25-35 nm) are 
in good agreement.
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It must be considered that heat induced anhydride formation and crosslinking 
reactions might occur. This leads to the question of whether chemical crosslinking or 
simple hydrogen bond formation would increase cohesion in the outer block phase.
While it was observed that the vacuum-annealed sample of P/BuA containing polymer 
could readily re-dissolve, the recast sample of this material could not and this could be 
evidence of increased cohesion in the outer block phase.
Using a similar material with a discontinuous PAA phase, this was briefly studied. 
The material had a PDI = 1.31 and a total Mn of 38,500 g/mole with the PIB, PS, and 
PffiuA blocks having Mn values of 14,700, 8,300 and 15,500 g/mol, respectively. It is 
believed that crosslinking is truly taking place due to the fact that this material would 
swell but not dissolve in very strong solvents including l-methyl-2 -pyrrolidinone, methyl 
sulfoxide, and 1,4 dioxane.
Conclusions
The tBuA groups in PfBuA-PS-PIB-PS-PfBuA pentablock copolymers were 
converted to PAA groups under the influence of heat and vacuum during an annealing 
procedure at a temperature above the highest Tg of the three blocks (PS ~ 100° C, PAA ~ 
106° C, PffiuA ~ 43-107° C, PIB ~ -73° C) 5 for 2-3 d. The morphology after the first 
annealing process is poorly developed but with further annealing and recasting, a better- 
refined, possibly equilibrium morphology consisting, at the least, of cylinders can be 
obtained.
Using TGA, a significant weight loss occurred for P/BuA-PS-PIB-PS-P/BuA at 
233° C and this was assumed to be due to a beta type scission reaction of the f-butyl
1 ‘Igroups. FTIR/ATR and C NMR spectroscopic analyses of the chemical structure
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demonstrated that this reaction did indeed occur. Thus, samples can be hydrolyzed in a 
simple way by exposure to 100° C at 30mmHg of vacuum for varying times, depending 
on sample size or by exposure to heat above 233° C. This process is beneficial because it 
eliminates steps in the chemical hydrolysis process
This method, though interesting, has the possibility of forming crosslinks in the 
system which can prevent the polymer going back into solution. This crosslinking 
reaction may not be a concern with samples that have a continuous PAA phase, because 
H20 can permeate the polymer and reverse the reaction. With these particular polymer 
block lengths, when cross-linking and anhydride ring formation take place, it is non- 
reversible due the phase being contained within hydrophobic phases of PIB and PS.
The addition of water vapor is of interest during the vacuum-annealing cycle as it 
may alter the speed of the fBuA-to-AA conversion as well possibly preventing crosslinks 
from forming. This is also the first evidence that these pentablock terpolymers have 
similar Bragg spacings as triblock copolymers, and this aspect will be further explored in 
later chapters.
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CHAPTER IV
MORPHOLOGY OF [ACRYLIC ACID-STYRENE-ISOBUTYLENE-STYRENE- 
ACRYLIC ACID] PENTABLOCK ABCBA TERPOLYMERS
Introduction
The morphology of block copolymers strongly affects their bulk physical 
properties including mechanical, diffusion, thermal, and dielectric. Chapter I gave a 
general discussion on possible morphologies for ABC block terpolymers, while this 
chapter focuses on observed morphologies for the more complex poly[(acrylic acid)-Z>- 
styrene-6 -isobutylene-6 -styrene-6 -(acrylic acid)], PAA-PS-PIB-PS-PAA systems. 
Specifically, small angle x-ray scattering (SAXS), transmission electron microscopy 
(TEM), and atomic force microscopy (AFM) methods were used to establish 
morphology.
Block Copolymer Synthesis and Experimental
Materials
The PAA-PS-PIB-PS-PAA pentablock terpolymers were supplied by the Storey 
Research Group. The compositions used in this study are listed in Table IV-1. The PIB 
block constitutes a large percentage of the total composition and the soft phase is 
intended to impart a measure of material flexibility. An attempt was made to synthesis 
the PIB and PS blocks with the PIB:PS ratio = 70:30 before the addition of tert-butyl 
acrylate. The tert-butyl acrylate repeat units were then chemically hydrolyzed to yield
73
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PAA -  functionalized blocks. The general sequential quasiliving cationic synthesis and
living free radical polymerization scheme is shown in Figure IV-1. 1
Table IV-1. Number average molecular weight (Mn, g.mol'1) characterization of PAA- 
PS-PIB-PAA block copolymers by GPC.
Mn
(g/mol) PDI
PIB
Mn
(g/mol)
PS
Mn
(g/mol)
PAA
Mn
(g/mol)
Wt%
PIB
Wt%
PS
Wt%
PAA
A 30,800 1.17 18,000 9,200 3,600 58.4 30.0 11.6
D 38,500 1.31 19,700 1 0 , 2 0 0 8,600 51.2 26.4 22.4
B 37,100 1.26 18,700 9,700 8,700 50.4 26.2 23.4
C 42,600 1.24 21,400 1 1 , 0 0 0 1 0 , 2 0 0 50.2 25.8 24.0
G 45,500 1.26 2 0 , 0 0 0 1 0 , 2 0 0 15,300 43.9 22.5 33.7
E 61,200 1.16 22,700 11,700 26,800 37.1 19.1 43.8
ch3
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Figure IV-1. General synthesis scheme used by Storey et al. to create PAA-PS-PIB-PS- 
PAA pentablock terpolymers. Reproduced from reference 1.
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Film Casting & Annealing Procedures
PAA-PS-PIB-PS-PAA materials were cast as approximately 10% (w/v) solutions 
using THF as the solvent. Solutions were poured into Teflon pans and tightly covered 
with aluminum foil in which several holes were punched with a 27G-syringe needle to 
slow solvent evaporation. Films formed over a period of 6-8d at 60° C. After the solvent 
was driven off, the films were transparent and free of voids; however, the high PAA 
content films, labeled E & G in Table IV-1, showed pitted surfaces. Perhaps this is due 
to the fact that these films have the lowest fraction of the elastomeric phase.
Small Angle X-ray Scattering
Experiments were performed at the U.S. Army Research Laboratory at Aberdeen, 
MD. Small-angle X-ray scattering data was collected using a modified Anton-Paar HR- 
PHR camera with pinhole collimation. The incident Cu photons were generated using a 
Rigaku Ultraxl8 rotating anode X-ray source operated at 40 kV and 60 mA. A 0.013mm 
thick Ni foil was used to remove unwanted radiation, giving an effective wavelength of 
1.5418 A. Data was collected on a Molecular Metrology 2-D multiwire detector, located 
63.8 cm from the sample position, and then azimuthally averaged for interpretation of 
intensity, I(q), where q is the magnitude of the scattering length vector, q = 4^*sin(0)/A, 
and 20 is the scattering angle. Detector noise and background scatter were corrected, and 
the reduced data was placed on an absolute scale using type 2 glassy carbon as a 
secondary standard.
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Transmission Electron Microscopy
Specimens were prepared for TEM analysis by cryo-sectioning them at an angle 
of 6° to the knife at a speed of 1.5-3.5 mm/s on a Reichard-Jung Ultracut E microtome. 
The microtome chamber, diamond knife, and samples were kept between -90 to -120° C. 
Ultrathin sections approximately 70 nm thick were placed on copper TEM grids. In 
addition to the Reichard-Jung microtome, a Leica UC6 and FC6 was also used to section 
samples at similar speeds and at low temperatures (-90° C) using an antistatic device.
The specimens were stained with Ru04 vapor in a Petri dish for 3 min to provide contrast 
for imaging the microphase separated morphology. After staining the polymer with 
Ru04j additional samples were stained using 4% 0 s0 4 dispersed in water by placing one 
drop of the solution on the copper grids containing the sections directly after the Ru04 
staining. The sections were viewed using a Zeiss EM 109-T electron microscope 
operating at 80 kV.
Atomic Force Microscopy
Tapping mode-phase AFM was performed using a Digital Dimension 3000 
Nanoscope Ilia instrument. Tapping/phase is particularly appropriate as this mode 
interrogates morphology on the basis of local viscoelastic properties (hard vs. soft 
regions). The tapping frequency was approximately 1 Hz or less. In order to minimize 
artifacts, all bulk sample surfaces were smoothed using a diamond knife prior to 
acquiring the phase images. Tapping mode was used to preserve the surface topography 
of the sample so that the results were reproducible.
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Results and Discussion
AFM and TEM Results
Figure IV-2(a) shows AFM images for sample A with the lowest percentage 
(11.6%) of PAA, while IV-2(b) shows TEM images of sample A that was stained with 
only RuC>4 . The sample whose image is in Figure IV-2(c) was stained with both Os( > 4  
and Ru04.
0 3 .04  |jm 0 963 nm
Data t y p e  Phase Data ty p e  Phase
Z range  1 08 .9  0 z range 1 06 .0  °
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Figure IV-2. Pentablock A having 11.6% PAA: (a) AFM images of un-annealed 
samples; (b) TEM images of sample A stained with Ru04; (c) TEM images of samples 
stained with both Ru04 and 0 s0 4. The dark and light areas are PS and PIB domains, 
respectively. PAA areas are the inner spheres which are only occasionally present and 
are dependent on sectioning conditions.
Figure IV-2 (a) shows a phase separated but rather disordered morphology. The 
TEM images of 11.6% PAA in Figure IV-2(b) reveal cylindrical morphology. An array 
of very ordered PS cylinders is shown wherein the spacing between adjacent cylinders is 
around 13 nm. It should be noted that Ru04 will preferentially stain double bonds and 
aromatic groups.2 With the addition of 0 s0 4 staining, occasional light areas can be seen 
periodically in the cylinders of PS in Figure IV-2(c). It is tentatively suggested that the 
small spheres are composed of PAA acid blocks, mainly based on their small percentage 
composition (11.6%). It is suggested that occasional absence of these spheres is due to 
sectioning at different angles relative to the cylinder direction, as depicted in Figure IV-3. 
Also having only 11.6% PAA present, this sample absorbs little to no water indicating 
that the PAA phase is not continuous but contained within another phase. By considering 
the block sequence, the PAA blocks would reside within the PS phase.
Figure IV-3. Idealized drawing of the morphology in Figure 2(c) illustrating surface 
pattern variations due to sectioning at different angles relative to the cylinder direction.
Figure IV-4(a) shows two AFM images of pentablock D (22.4%) with two views:
arrays of rods which are parallel (left) and perpendicular (right) to the plane of the image.
Figure IV-4(b) is a TEM image showing the lengths of the rods. The spacing between
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these rod features is around 24 nm, and similar inter-rod spacing is observed in the AFM 
images. Figure IV-4(c) shows what may be a cylinder-in-cylinder morphology with PS 
most likely being the larger (outer) cylinder. The outer diameter is —17 nm while the 
inner diameter is approximately ~5 nm. The material between the cylinder surfaces, of 
~12 nm thickness, is presumably of PS composition. Calling this morphology cylindrical 
at this point is speculation. Again by connectivity arguments alone, PAA would reside 
within the PS.
0 1 .0 0  |jm 0 1 .0 0  prn
Data t y p e  Phase Data ty p e  Phase
Z ra n g e  18 .15  0 z range  3 0 .27  °
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Figure IV-4. Pentablock D having 22.4% PAA: (a) AFM images of two views showing 
longitudinal and end views of parallel rods; (b) TEM image of pentablock D stained with 
R.UO4 showing parallel rods; (c) TEM image of pentablock D stained with both R.UO4 and 
OSO4 illustrating cylinder-in-cylinder morphology.
Figure IV-5 consists of AFM and TEM images of pentablock B (23.4% PAA). In
(a) a rough two phase morphology is observed in the AFM image with features having 
diameters of 30-40 nm; however, no third phase is detected by this means. The dark 
features in the TEM images (b) that are in the form of rods of approximately 19 nm in 
diameter that are oriented both perpendicular and parallel to the plane of the image, are 
PS regions. These seem to be packed in hexagonal fashion. A rectangular packing of 
rods is especially seen in the upper right comer of the AFM image on the right. The 
diameter observed by TEM is less than that obtained from the AFM image. Due to the 
distortion in the AFM image due to surface quality, tip geometry, and phase overlap, the 
TEM measurements are expected to be more accurate. With the addition of the OSO4 
staining agent, a third phase appears, as seen in Figure IV-5(c). The three phase 
morphology seen in Figure IV-5(c) appears to be that of PAA cylinders within cylinders 
of PS. Unlike in the previous image, the white areas attributed to PAA are more 
continuous and seen in nearly every cylinder which suggests more continuity, or 
extension, of the PAA phase.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
Figure IV-5. Pentablock B -  23.4% PAA: (a) AFM tapping/phase image of pentablock 
B; (b) TEM image of pentablock B stained with Ru04; (c) TEM image of pentablock B 
stained with R11O4 and 0 s0 4. The dark areas are PS rods while the inner regions are of 
PAA composition. The continuous phase is of PIB composition.
Due to the similar percent compositions of PAA, PIB, and PS as listed in Table 
IV-1, samples B (23.4% PAA), C (24.0% PAA), and D (22.4% PAA) would be expected 
to have similar morphologies. However, there are visual and physical differences 
associated with sample C (24.0% PAA), which was observed to absorb a large amount of 
water as compared to samples B and D. Figure IV-6 illustrates the water uptake of all the 
samples. This high water absorption suggests that the hydrophilic PAA phase is more 
extended in sample C even though it has just slightly more PAA present. Nonetheless, 
these three samples have similar overall cylinder morphologies.
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Figure IV-6. Water uptake with differing weight percent PAA.
The AFM image of pentablock C (24.0%) clearly shows cylinders. The sizes (15- 
30 nm) of the cylinders are in agreement with the TEM images of this sample. In the 
TEM image of pentablock C, seen in Figure IV-7(b), there are distinct boundaries where 
a region in which parallel rods that are aligned in one direction intersects another region 
in which parallel rods have a different alignment. These samples could also represent 
lamellar morphology by TEM and AFM images; however, with the added morphological 
information provided by the SAXS measurements discussed later in this chapter, this 
sample is most likely of cylindrical morphology. The axis-to-axis spacing between the 
dark rods is approximately 24 nm. Moreover, there is a high degree of order in these 
regions. Close inspection shows that a rod in a given region does not end at a boundary, 
but crosses over it to assume a different orientation in an adjacent region. This domain 
continuity across region boundaries has important implications with regard to the long
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range transport of molecules and electrical charges, such as water and protons, as well as 
long range, ultimate mechanical properties such as toughness and elongation-at-break, in 
particular. When this sample is additionally stained with OsC>4 it is seen in Figure IV- 
7(c) that a cylinder-in-cylinder morphology is present.
0 1 .0 0  pm 0 880 nm
Data ty p e  Phase  Data ty p e  Phase
Z range  32 .56  ° Z range  2 1 .4 0  °
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Figure IV-7. Pentablock C -  24.0%: (a) AFM image of pentablock C, (b) TEM images 
of pentablock C stained with R.UO4, and (c) TEM image of sample C stained with both 
R11O4 and OSO4.
While the AFM images of sample G (33.7% PAA) seen in Figure IV-8(a) show a 
rather undefined morphology, the corresponding TEM image in Figure IV-8(b) shows a 
very distinct lamellar morphology with an inter-layer spacing ~33 nm. This sample 
exhibits large water absorption and this might reflect a comparatively more connected 
hydrophilic PAA phase. The issue of the connectivity of hydration microstructure and 
the implications with regard to the long range transport of water and protons is of prime 
importance within the context of fuel cell membranes. When comparing the R.UO4 
stained Figures IV-4(b) 22.4%, IV-7(b) 24.0% and IV-8(b) 33.7%, the cylinders in IV-8 
can be observed to be further separated. Even though the PS rods are of similar 
diameters, the inter-domain spacing has increased 10 nm compared to samples C and D 
as the wt% of PAA increased. This may mean that another phase is pushing the rods 
apart or that they are contained within another larger phase.
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Figure IV-8. Pentablock G -  33.7% PAA: (a) AFM images of pentablock G, (b) TEM 
image of pentablock G stained with Ru04, (c) TEM image of pentablock G stained with 
Ru04 and 0 s0 4, and (d) TEM image of pentablock G stained with Ru04 and 0 s0 4.
Again, there are boundaries at which large regions of parallel rods intersect. 
However the rods are not discontinuous but cross over from one oriented region to the 
next. With the addition of the 0 s0 4 staining agent, a third phase is visible inside the 
lamella areas in Figure IV-8(c) and (d). It is assumed that the PAA is the larger lamella, 
while the PS blocks are contained within as rods/cylinders based on the PAA vs. PS 
percent in this sample.
AFM and TEM images of Sample E, which contains the highest PAA 
composition (43.8 wt%), are shown in Figure IV-9. The dark features in the TEM image
(b) are cylinders packed with a high degree of order. These features are clearly cylinders 
as they are seen perpendicular and essentially parallel to the plane of the image. This 
high degree of order is very significant. If a row is chosen in Figure IV-9 (b), it can be 
followed across the image, suggesting the rods are contained within another phase 
causing more order. In fact, this can be observed in Figure IV-9 (a).
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Figure IV-9. Pentablock E -  43.8% PAA: (a) AFM images of pentablock E; (b) TEM 
image of pentablock E stained with Ru04; (c) TEM micrograph of pentablock E stained 
with both R.UO4  and OSO4 ; (d) TEM micrograph of pentablock E stained with both R11O4  
and OsCfi showing two lamellar phases, (e) TEM micrograph of pentablock E stained 
with both R11O4 and OSO4 .
In the AFM images, the PIB phase (37.1 wt%) is the darkest regions, while the PS 
and PAA regions are lighter. The PS composition is low (19.1 wt%) which suggests that 
these domains should be smaller than the PAA domains that have 43.8 wt% composition. 
On the basis of relative block content, the inner bright cylinders in the AFM images 
would be expected to be of PS composition and the adjacent phase would be PAA. It is 
assumed here that the PAA phase is significantly softer than the PS phase. PAA has a 
lower glass transition temperature (50-60° C vs. 100° C), which is also discussed in
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greater detail in the next chapter. Owing to the fact that the PAA blocks are directly 
attached to the PS blocks, it might seem that this juxtaposition of phases is unfavorable 
As measured on the AFM image the inner (lightest) cylinder domain is 
approximately 72 nm in diameter, while measurements taken from the TEM image (b) 
show cylinders that are approximately 25 nm in diameter. This is a significant difference 
which is likely due to the difference in the way these two methods interrogate structure. 
The AFM tip might sense unlike material that is packed around the cylinders and there 
are considerations regarding tip width.
On inspecting the TEM images in Figures IV-9 (c), (d), and (e), there appear to be 
lamellar phases next to each other. Figure IV-9(e) illustrates lamellae oscillating up and 
down, or undulation, while Figure IV-9(c) illustrates the third phase present inside one of 
the other lamella. Figure IV-9(d) shows a general area of the polymer where only two 
phases distinctly appear. A comparison of the Ru0 4  stained TEM image with the RUO4 + 
OSO4 stained images suggests that the PS phase has cylindrical geometry with the PIB 
and PAA phases in the form of lamellae.
The magnified AFM image on the right is taken from the top-left area of the AFM 
image on the left in Figure IV-9(a). The area below this region in the left image has 
smaller lamellae that have approximately one half the spacing. This could suggest 
undulating cylinders of PAA where the larger diameters in the undulation contain PS 
similar to the phases seen in Figure IV-9 (e). This morphology indicates that the PS is 
looping around and crossing through the PAA (approximately 15 repeat units of styrene) 
to avoid the PIB block segments.
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SAXS Results
The SAXS scattered intensity vs. q profiles for all the samples are seen in Figure 
IV-10. The q and relative q peak positions and associated Bragg plane spacings are listed 
in Table IV-2. The SAXS results are important for the purpose of reducing the structural 
ambiguity posed by the TEM images. Save for one case, the relative q/q* peak 
sequences are not completely reflective of structures seen in PS-containing hard/soft di- 
and triblock copolymers, which is attributed to the triphase nature of these systems. 
However as will be discussed below, many of these samples show Bragg spacings closely 
associated with diblock two phase morphologies, which would not be expected with more 
complicated morphologies due to a third phase. The spacing between adjacent Bragg 
scattering planes, d, based on SAXS was obtained from the Bragg law, d = 27t/q, where q 
was obtained from the maximum of the primary scattering peak in the scattering intensity 
versus q profile. Since these morphologies are not entirely clear in terms of three-phase 
visualization, it is difficult to unambiguously unravel structures based on these q peaks. 
However, the SAXS scattering data can aid in answering how this morphology is 
structured.
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Figure IV-10. SAXS logeI(q) vs. q profiles for all pentablock terpolymers.
Table IV-2. SAXS data and Bragg plane spacings.
PentaBlock Peak
Spacing
(nm)
q
Ratio PentaBlock Peak
Spacing
(nm)
q
Ratio
A q* 21.5 1 . 0 0 D q* 27.7 1 . 0 0
ql/q* 1 2 . 8 1 . 6 8 ql/q* 16.4 1.69
q2 /q* 8 . 2 2.63 q2 /q* 1 0 . 2 2.71
B q* 27.7 1 . 0 0 E q* 28.8 1 . 0 0
ql/q* 15.6 1.78 ql/q* 14.4 2 . 0 0
q2 /q* 1 0 . 0 2.78 q2 /q* 9.4 3.06
q3/q* 7.2 4.00
C q* 27.7 1 . 0 0 G q* 32.4 1 . 0 0
ql/q* 1 0 . 2 2.73 ql/q* 16.6 1.96
Samples B, C, and D all have similar % PIB, PS, and PAA, and the SAXS data 
reveals a q ratio sequence that is similar to cylinder spacing 1 , V2 , V3, V7. While these 
samples are missing the V3 term, it is believed to be obscured by the first peak for the 
sample. Even more interesting is that sample G (33.7%) and especially E (43.8%) have q
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ratio sequences commonly associated with lamellar morphologies consisting, namely 
1,2 ,3 ,4 .
Since a more complex and unique scattering profile is not present, the results the 
suggest that the one phase of the three is residing within another phase in either a 
spherical, lamella, or cylinder configuration, which is also illustrated in all of the TEM 
images. The SAXS d spacings are in good agreement with the spacings observed in the 
TEM and AFM images.
Conclusions
Although the AFM images of some of the samples are not well defined due to 
water absorption that distorts the freshly sectioned surfaces, the combined morphological 
information issuing from both AFM and TEM interrogations reveals 3 phases although 
the complementary SAX data indicates some resemblance to diblock morphology 
scattering for the majority of the samples. Samples G (33.7% PAA) and E (43.8% PAA) 
are of interest in that the morphology does not apparently reflect the fact that the PAA 
blocks are not directly attached to the PIB blocks in the terpolymer pentablock sequence. 
This issue will be further explored in the Chapter VIII which deals with dielectric and 
electrical conductivity properties.
Many of the morphologies found in this study follow the pattern of diblock 
morphologies when RuC>4 is used to stain the PS components. Only slight changes are 
observed in these morphologies with the additional staining with 0 s0 4, which may 
account for the SAXS data suggesting diblock-like morphologies. For example cylinders 
in cylinders would yield a q ratio sequence corresponding to cylinders, while cylinders 
within lamellae would yield a sequence consistent with lamellae. These simplistic
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morphologies may be due directly to the extra constraints posed by the particular 
pentablock vs. triblock sequence. This could be advantageous in controlling the 
placement and continuity of desired phases.
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CHAPTER V
PHYSICAL PROPERTIES OF [ACRYLIC ACID-STYRENE-ISOBUTYLENE-
STYRENE-ACRYLIC ACID] PENTABLOCK ABCBA TERPOLYMERS
Introduction
This chapter describes the physical and thermal properties of the pentablock 
terpolymers discussed in chapter IV consisting of poly[(acrylic acid)-b-styrene-b- 
isobutylene-b-styrene-b-(acrylic acid)], PAA-PS-PIB-PS-PAA. Specifically, thermal 
stability using thermogravimetric analysis, dynamic mechanical testing, differential 
scanning calorimetery, and general stress strain testing are discussed. Additionally these 
techniques help to further probe the morphology by indirect means including the effect of 
a third phase on this system.
Block Copolymer Synthesis and Experimental
Materials
The PAA-PS-PIB-PS-PAA pentablock terpolymer compositions used in this study 
are the same series as presented in chapter IV and are listed again in Table V-l for 
convenience. The PIB blocks constitute the greatest fraction because this phase is 
intended to impart a measure of material flexibility within the context of water and ion 
tran sport th r o u g h  th e s e  m a te r ia ls  in  m em b r a n e  fo rm . T o  th is  en d , a n  a tte m p t w a s  m a d e  
to synthesize the PIB and PS blocks with the PIB:PS mole ratio of 70:30 before the 
addition of /-butyl acrylate according to ATRP conditions. The /-butyl acrylate repeat
102
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units, whose fraction was varied over the largest range of the three co-monomers, were
then chemically hydrolyzed to yield PAA-functionalized blocks as shown in Figure V-l.
Table V-l. Number average molecular weight (Mn, g.mol'1) characterization of PAA- 
PS-PIB-PAA block copolymers by GPC.
Mn
(g/mol) PDI
PIB
Mn
(g/mol)
PS
Mn
(g/mol)
PAA
M„
(g/mol)
Wt%
PIB
Wt%
PS
Wt%
PAA
A 30,800 1.17 18,000 9,200 3,600 58.4 30.0 11.6
D 38,500 1.31 19,700 10,200 8,600 51.2 26.4 22.4
B 37,100 1.26 18,700 9,700 8,700 50.4 26.2 23.4
C 42,600 1.24 21,400 11,000 10,200 50.2 25.8 24.0
G 45,500 1.26 20,000 10,200 15,300 43.9 22.5 33.7
E 61,200 1.16 22,700 11,700 26,800 37.1 19.1 43.8
C -C H C -CH -
m
C = 0
HO HO
Figure V-l. General chemical structure of PAA-PS-PIB-PS-PAA pentablock 
terpolymers.
Film Casting & Annealing Procedures
The synthesized PAA-PS-PIB-PS-PAA materials were cast as approximately 10% 
(w/v) solutions using THF as the solvent. Solutions were poured into Teflon pans and 
tightly covered with aluminum foil in which several holes were punched with a 27G- 
syringe needle. Films formed over a period of 6-8d at 40°C. After the solvent was driven 
off, the films were transparent and free of voids; however, the high PAA content films,
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labeled E & G in Table V-l, showed pitted surfaces. Perhaps this is due to the fact that 
these films have the lowest fraction of the elastomeric phase.
Thermogravimetric Analysis (TGA)
TGA degradation studies were conducted on these materials using a Mettler 
thermal analysis workstation equipped with a TGA 850 unit. Sample sizes were under 10 
mg and heated under 25 ml/min of nitrogen from 30-800°C at a heating rate of 5°C/min in 
alumina crucibles without lids.
Dynamic Mechanical Analysis (DMA)
DMA studies were conducted on these materials using a Thermal Analysis Q800 
system in tensile mode using strain control with an amplitude of 20 pm and frequency of 
1 Hz with a temperature ramp of -90 up to 150° C.
Differential Scanning Calorimetry (DSC)
Thermal transitions of this pentablock series were studied using a TA DSC Q100 
thermal analysis workstation equipped with modulation capabilities (MDSC). Cooling 
and heating scans of samples weighing 10-16 mg were run over the temperature range -  
80 to 140°C at 3°C/min using modulations of 1°C every 60 seconds and 1.5°C every 60 
seconds. Tg values were taken as the temperature corresponding to well-defined minima 
in the first derivative curves, i.e., the inflection point.
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Mechanical Properties
Tensile testing was conducted using a Mechanical Testing System (MTS) 
according to a modified ASTM D882 test procedure. The samples had various 
thicknesses, widths of 0.1875 in, and gauge length of 0.8815 in. A 2250 lbf load cell 
was used with an applied strain rate of 0.2 in/min.
Results and Discussion
TGA
For reference, and for the purpose of sorting out chemical reactions from physical 
transitions in the outer blocks of the pentablock terpolymers, a degradation profile for 
pure PAA was obtained and is shown in Figure V-2. The initial drop of the specimen 
weight is attributed to physically bound water, while the degradation event above 200°C 
is due to anhydride rings that were formed and water being released as the byproduct.1 
This event is followed by the actual degradation (de-polymerization) of the material that 
takes place between 350-400° C. The information present in the pure PAA curve is quite 
relevant for use in pentablock chemical analysis; the more acrylic acid present in the 
system, the more anhydride ring formation takes place as well as possible crosslinking.
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Figure V-2. TGA degradation profile of pure PAA.
Figure V-3 shows the first derivative curves of the pentablock series including the 
curve for pure PAA. The first minimum in the curves clearly indicates the temperature 
range over which the anhydride rings form such that water is produced as a byproduct. 
The greater the PAA fraction, the more prominent is this minimum, as is reasonable. This 
anhydride formation can take place at a lower temperature under vacuum, for example at 
100-130°C at a vacuum of 30mm Hg as discussed in Chapter III. The greater the amount 
of PAA in the system, the greater the second minimum (inflection point) is shifted to 
higher temperatures effectively increasing the degradation temperature.
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Figure V-3. First derivative curves of weight loss vs. T for TGA curves for the 
pentablock series listed in Table 1, including that for pure PAA as a reference. The inset 
shows the weight percent of PAA in each polymer.
Dynamic Mechanical Analysis
Figures V-4 and V-5 show the dynamic storage (E’) and loss (E” ) moduli,
respectively, vs. T for the series of pentablock terpolymers listed in Table V-l, as well as
for the terpolymer containing P/BuA rather than PAA end blocks. The P/BuA-PS-PIB-
PS-P/BuA block terpolymers in this analysis had an average Mn = 41,500 g/mol with
PDI = 1.42. The isobutylene and styrene content was 53% and 14% respectively, so that
the largest block fraction was elastomeric. The P/BuA end blocks constituted ~ 33% of
the polymer based on Xn.
anhydride
ring
formation
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In general, all the E’ vs. T plots show a low temperature glassy region, followed 
by a rubbery plateau which is followed by the onset of viscous flow at high temperatures. 
The greatest decline in E’ from the glassy state is obviously due to passing through the 
glass transition of the PIB phase. The curve for the terpolymer having tert-butyl acrylate 
end blocks deviates significantly from the others in that, while its rubbery plateau is only 
lower than that for the sample having the highest PAA composition, it drops off at a 
lower temperature than those for all of the PAA-end block samples. It would be 
reasonable to think that this is due to the absence of strongly interacting acid groups that 
would resist flow. The composition having 11.6% PAA exhibits the lowest E’ values 
over the rubbery plateau (and in fact over the entire temperature range). This can be 
thought to be the consequence of the lowest fraction of strongly interaction acid groups 
despite the fact that the PS composition is the greatest (30.0%) for this terpolymer. The 
sample having the greatest percent PAA (43.8%) exhibits the greatest moduli over the 
rubbery region, although the temperature range for the plateau is the lowest. Perhaps this 
is due to the fact that the PS composition (19.1%) is the lowest in this case. Considering 
that samples B, C and D have similar compositions, the rubbery plateau is seen to 
increase with increasing PAA fraction with some variation depending on the percentages 
of the other two phases.
The corresponding E” vs. T plots seen in Figure V-5 do not reflect a three phase 
morphology insofar as only two glass relaxations are apparent. However, tan 8 vs. T 
plots seen in Figure V-6 show details that suggest three phases. In the low temperature 
region there is a strong peak that consists of two components, one of which must be the 
glass transition of the PIB phase (Table V-2). In earlier studies, PS-PIB-PS triblock
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copolymers were observed to have this compound low temperature relaxation where the 
lowest temperature component was assigned to the glass transition of the PIB phase and 
the higher temperature component was associated with sub-Rouse motions.2 The overall 
compound relaxation strength is greatest for the sample having the lowest PAA fraction 
and correspondingly highest PIB fraction. The sub-Rouse component monotonically 
evolves from being a high temperature shoulder on a main peak for the highest PAA 
percent to being the dominant peak for the lowest PAA percent. As the PAA fraction 
significantly decreases from 43.8 to 11.6%, the PIB fraction steadily increases from 37.1 
to 58.4%. However, this increase in PIB composition does not involve an organized 
increase in the actual length of the PIB blocks that vary in Mn over a range of 1100 g.mof
l. Thus, the increase in the relaxation strength of the sub-Rouse motions in the PIB 
blocks is due neither to a significant change in the length of these blocks nor to molecular 
weight changes in the PS blocks to which they are attached. Rather, this behavior is 
unquestionably related to the variance of the outer blocks to which there are no direct 
covalent links. AFM images of these materials from Chapter IV show that, for samples 
having high PAA percent, the PAA phase is physically adjacent to the PIB phase in some 
cases. And, there may be a significant difference in the packing of PIB blocks in the soft 
domains relative to optimized packing in a pure PIB homopolymer, i.e., a difference in 
free volume that might be caused by the constraints posed by inter-block covalent links 
and this particular block sequence, although this factor would be difficult to assess.
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Figure V-6. Tan 8 vs. T for the pentablock terpolymer series and the terpolymer having 
33% tert-butyl acrylate end blocks. The inset shows the percent PAA in the samples.
Table V-2. Tan 8 peak temperatures for the pentablock terpolymer series and the 
terpolymer having 33% /-butyl acrylate end blocks. All temperatures are in Celsius units.
%
PAA
Sub-Rouse
Transition
PIB
Transition
PAA
Transition
PS
Transition
Upper
Transition
11.6 -37.30 -52.99 67.23 97.93
22.4 -46.04 55.04 97.05
23.4 -40.20 -53.04 58.85 98.00
24.0 -47.19 53.14 94.85
33.7 -49.06 54.18 85.07 134.72
43.8 -51.65 41.88 83.11 135.33
t-bu -49.77 51.33
The terpolymer having 33% unhydrolyzed /er/-butyl acrylate end blocks does not 
show a two component relaxation in this low temperature range although the overall peak 
may be broadened due to an unresolved sub-Rouse component.2 This relaxation is 
intermediate in both length and time scales between the fast segmental and the Rouse
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modes. The Rouse segment is defined as a section of a polymer chain that is long enough 
such that the distribution of end-to-end distance approximates a Gaussian probability 
distribution.3 On the other hand, segmental relaxation associated with the glass transition 
primarily involves the correlated motions of only a few bonds in the backbone.4 While 
Rouse segmental motions occur at longer time scales compared to local segmental 
motion, the sub-Rouse relaxation involves segmental motion with larger length scales but 
involving less repeat units than the shortest of the Gaussian submolecules as defined by 
the Rouse model.5,4 Based on photon correlation spectroscopy, Plazek and co-workers 
saw two separate transitions and attributed the relaxation process at a shorter time scale to 
local segmental motion, while the shoulder was attributed to a relaxation at a longer time 
scale, i.e. sub-Rouse mode.5 Thus, the sub-Rouse mode is activated at a higher 
temperature as is seen on the tan 8 vs. T curves. However, it is known that the two low 
temperature relaxations of PIB homopolymers can merge. As percent PAA is increased, 
the PIB Tg appears to shift to lower temperatures. This lower shift may be due to the fact 
that one peak diminishes in strength compared to the other, producing the effect of an 
apparent peak shift (Table V-2). The tert-butyl acrylate-containing sample should not be 
compared with sample G that also has 33% PAA because the former has a considerably 
different PIB composition (53 vs. 43.9%) as well as a significantly different PIB block 
length (22,000 vs. 14,400 g.mol'1).
There are clearly two relaxations in the high temperature region of the tan 8 plots 
and it is logical to assign these to the glass transitions of the PAA and PS phases. For 
reference, Tg for pure PAA is around 106° C while that of pure PS is 100° C, so that the 
close proximity of these transitions makes them difficult to resolve for copolymers
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having blocks with both of these two chemical repeat units.6 There is somewhat of a 
rightward progression of the lowest temperature peak with decreasing percent PAA and a 
commensurate increase in wt% for the PS block.
While Tg for pure PAA is at least as high as of pure PS, the lower temperature 
relaxation may occur in poorly packed PAA block domains in which the extent of 
hydrogen bonding between COOH groups is diminished due to the constraints of 
covalent coupling of these blocks with PS blocks as well as morphological constraints. It 
is noted that this relaxation is in the region of Tg for the terpolymer having tert-b\xly\ 
acrylate end blocks, tert-Butyl acrylate groups cannot pack efficiently due to the size of 
the /-butyl group so that this terpolymer has a lower Tg (50° C) than the PAA 
homopolymer. Finally the tert-butyl pentablock reference in this sample has an 
extremely low percentage of PS, ~ 14% by weight. Failure begins to occur as the sample 
approaches the higher Tg near 100°C again suggesting that the upper transition near 
100°C is PS, while the lower transition near 50°C is PAA.
DSC Results
Modulated DSC (MDSC) experiments show three glass transitions as seen in 
Figure V-7. The Tg values are in harmony with those seen using DMA. However this 
technique does not suggest whether the middle Tg is PAA or PS. Reversible heat flow is 
typically associated with Tg, Tc and T^, however Tg can also also have a kinetic 
component. The non-reversible heat flow is the kinetic portion of the heat flow typically 
associated with cold crystallization, thermoset cure, or decomposition. The same 
transitions are present in both reversible and non-reversible heat flow vs. T plots;
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however, the non-reversible curve was included to add clarity. Figure V-8 shows the Tg 
values for the three block domains and how they it shifts with increasing percentage of 
PAA as well as changes in modulation from 1.0°C/60s to 1.5°C/60s. This data does not 
match with tan 8 peak position shifts; however, it is typically difficult to measure 
transitions in elastomeric triblock materials by DSC. Therefore, DSC was chiefly chosen 
to verify that the 3 glass transitions are present in these pentablock terpolymers.
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Figure V-7. MDSC curve of a representative terpolymer sample with high percent PAA 
content (sample E). Three block domain glass transitions are indicated.
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Figure V-8. MDSC data comparison for different modulation settings on the effect of 
the Tg values associated with the block domains: (a) PIB, (b) PAA, and (c) PS.
Mechanical Testing
Figure V-9 consists of tensile stress vs. strain curves for the pentablock 
terpolymer series. As the acrylic acid content is increased, the samples become more 
rigid due to the overall hard segment increase. This is also accompanied by increases of 
the stress level and modulus. Overall, all the samples are non-elastomeric in character as 
a result of the previously mentioned large combined volume fraction of hard domains of 
both PAA and PS. The ductility of the samples is greatly reduced in high PAA samples, 
specifically the 43.8% PAA sample. The increase in amount of stress level for samples G 
(33.7%) and E (43.8%) coincides with a change in morphology between in the PAA 
phase of these pentablocks. Below -15% PAA, the phase is believed to be spherical, 
while from ~15%-30%, the phase is cylindrical. Above -30% PAA, the phase becomes
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lamellar in nature, and these transitions of the PAA phase can be observed in Figure V-9 
as increases in stress and modulus. It is difficult to attribute which physical crosslinked 
phase is the load bearing phase. In these dry samples, both phases are carrying a portion 
of the load, while during hydration of the PAA, it would seem that the PS phase would 
support the majority of the load.
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Figure V-9. Tensile stress vs. strain curves for the pentablock terpolymer series.
Conclusions
This pentablock series shows many interesting properties; the goal of this work 
was to investigate the mechanical behavior of these pentablock terpolymers as the 
percentage of PAA is increased. The DMA results show a progressive increase in the 
plateau modulus as Mn of PAA block is increased. As the amount of PAA is increased, 
the PIB Tg decreases suggesting less freedom of the PIB groups although these two
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blocks are not directly covalently coupled. At low percentages of PAA, the PS resides 
next to the PIB domains, while higher percentages of PAA may reverse this 
morphological proximity by allowing the PAA to reside next to the PIB blocks. This PIB 
Tg decrease with increasing PAA content is also accompanied by an increase in 
degradation temperature of the overall polymer.
Due to inefficient packing in the PAA phase, lower Tgs are observed, which is 
similar to the behavior of t-butyl acrylate. At higher amounts of PAA, hydrogen bonding 
also begins to become apparent in the system as seen by the DMA results.
Finally, both DSC and DMA investigations clearly show three Tgs in these 
pentablock terpolymers. This indicates phase separation rather then a blending/mixing of 
the 3 distinct components. As the morphology shifts, a significant property change takes 
place in the stress-strain curves.
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CHAPTER VI
NANOINDENTATION STUDIES OF [ACRYLIC ACID-STYRENE-ISOBUTYLENE- 
STYRENE-ACRYLIC ACID] PENTABLOCK ABCBA TERPOLYMERS
Introduction
This chapter explores the use of the new technique of nanoindentation as it relates 
to the mechanical properties of the pentablock PAA-PS-PIB-PS-PAA series that was 
discussed in Chapters IV and V. These materials are listed again in Table VI-1 for easy 
reference. These studies involve measurements, with a Hysitron® nanoindenter 
instrument, that include tests for local modulus, hardness, creep, stress relaxation, and 
information on the influence of experimental rates.
Table IV-1. Number average molecular weight (Mn, g.mol'1) characterization of PAA- 
PS-PIB-PAA block copolymers by GPC. The samples are listed in order of increasing 
percent PAA.
Mn
(g/mol) PDI
PIB
Mn
(g/mol)
PS
Mn
(g/mol)
PAA
Mn
(g/mol)
Wt%
PIB
Wt%
PS
Wt%
PAA
A 30,800 1.17 18,000 9,200 3,600 58.4 30.0 11.6
D 38,500 1.31 19,700 10,200 8,600 51.2 26.4 22.4
B 37,100 1.26 18,700 9,700 8,700 50.4 26.2 23.4
C 42,600 1.24 21,400 11,000 10,200 50.2 25.8 24.0
G 45,500 1.26 20,000 10,200 15,300 43.9 22.5 33.7
E 61,200 1.16 22,700 11,700 26,800 37.1 19.1 43.8
Hardness, in the context of this test, refers to resistance against sample penetration 
on a very local scale, which is not expected to be the same as macroscopic hardness, 
although the two in principle are related. This microscopic hardness is related to
120
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scratching and abrasion resistance. There are advantages of hardness testing, in this way, 
over the traditional means of mechanical testing in that the former is relatively fast, easy, 
and repeatable. Moreover, this method is extremely useful in verifying as well as gaining 
insight into the mechanical properties previously mentioned, including creep and stress 
relaxation, without using large amounts of the sample. For these studies one square 
centimeter of material allowed for 644 individual tests of the material rather quickly.
In traditional hardness tests, i.e., Mohs, Brinell, Vickers, Rockwell, etc., material 
properties are measured by stresses applied over large surface areas. These macroscopic 
tests do not consider surface microstructure and small isolated defects, while 
nanoindentation can take all of this into account by probing different regions. It should 
be noted that all properties gained from this technique are in fact a combination of 
surface and bulk properties. True bulk properties are not measured with the current 
configuration of the Hysitron® nanoindenter.
There have been many examples of the use of nanoindentation to explore 
mechanical properties. For example, Storjny et al} used this technique to study the 
elastic modulus of polymethylmethacrylate and Beake et al.2 studied uniaxial and biaxial 
properties of poly(ethylene terephthalate).
Figures VI-1 and VI-2 graphically illustrate how the values of hardness and 
reduced modulus are calculated from the unloading segment of the nanoindentation 
curve, as developed by Oliver et al. In Equation VI-1, P is the load (pN) and h is the 
displacement. A is a local area over which the load is applied. Data for the unloading 
curve is fitted to Equation VI-1, which is quadratic in nature.
P -  A ( h -h f )2 Equation VI-1
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The derivative of P with respect to h evaluated at the point of maximum load is 
the contact stiffness S (pN/nm), as shown by the slope in Figure VI-1. The next step is to 
calculate the contact depth, hc, using Equation VI-2 and as depicted in Figure IV-2. The 
constant of 0.75 is related to tip geometry of a Berkovich tip, and was used in these 
studies rather than the constant typically associated with a conical tip of 0.72.4
K = -  0 . 7 5 ^  Equation VI-2
Finally, the hardness H (GPa) is calculated using Equation VI-3, while the 
reduced modulus Er is calculated using Equation VI-4. The reduced modulus is an 
adjusted elastic modulus which includes the contributions from both the specimen and the 
indenter. A(hc) is the area function of the tip that is used in the testing and this quantity 
will be further discussed in the experimental section. A is determined at hc, because that 
is the displacement at which the tip is in contact with the specimen as shown in Figure 
VI-2.
H = n»_ Equation VI-3
A(hc)
Er = f *  S Equation VI-4
2 JAQO
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Figure VI-1. Load vs. displacement curve generated during nanoindentation testing.
Surface Profile 
after Load
Initial Surface
Surface Profile 
under Load
i
Figure VI-2. Schematic of a nanoindentation cross section illustrating geometrical 
quantities.
Experimental
Tip and Area Function
The tip used in this experiment had a 5 pm radius conical tip with a 60° taper 
(serial number IA03180410 from Hysitron® Inc.) and is shown in Figure VI-3. The area 
being interrogated in this way depends on the tip penetration depth. Some tips start in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
124
the nanometer size range, but due to the taper, quickly enter the micron size range. 
Therefore, rcanoindentation is possible, but for most tests this word is somewhat of a 
misnomer. The area function must be calculated for each unique tip by using a standard 
substrate where the Young’s modulus of elasticity is independent of indentation depth, 
such as fused quartz. After a series of indentations, Equation VI-5 is fitted to the data to
predict the cross sectional area at any given point on the tip. 5 The first term in Equation
2 t tVI-5, A = Cohc is the ideal area function of the shape of the tip. For example, a
Berkovich tip is a pyramid and the area would be A = 24.5hc2, while the conical tip uses 
-71 for Co. The remaining parts of Equation VI-5 are an empirical fit since no tip is truly 
ideal. All coefficients are not typically used; only a visual fit is conducted. If all the 
coefficients are used, often times the area function actually begins to fit noise.
A = C0h2c + Cxhc + C2h f  + Czh f  + C , h f  + C5f 6 Equation VI-5
In this case, due to the fact that a conical tip is being used, all factors are positive and C4 
and C5 are both zero. For this specific tip, Ci, C2, C3 and C4 are -3.1420, 1.5006 x 104, 
4.7612 x 104, and 3.56 87 x 105 respectively, each with the appropriate unit such that the 
given term has units of area.
Figure VI-3. 5 pm radius conical tip with a 60° taper.
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Displacement Controlled Indentation
The Hysitron Tribolndenter® was used in a closed loop/feedback displacement 
method. Indents were made on a 10x10 grid with a separation between indents of 15 pm. 
The indents were made using a lift height of 100 nm followed by a displacement of 2400 
nm into the surface of the samples for a total displacement of the tip of 2500 nm 
including the lift height at a rate of 500 nm/s with a hold time of 2 sec. This 
displacement vs. time profile is graphically depicted in Figure VI-4. Table VI-2 
summarizes the methods used in this study. Drift measurements were done over 20 sec 
with the analysis of drift being measured over the final 1 0  sec of the test with a pre-load 
force of 0.2 pN. Drift is the thermal expansion drift in the Z direction during testing.
The drift analysis averages the drift (nm/sec), and then adjusts all data points to reflect 
adjustments for drift during testing. As the system thermally equilibrates over time, the 
drift throughout the test should decrease. During automation, the drift would be less than 
that during manual testing as less movement takes place that could generate heat. During 
manual testing the system toggles back and forth between the camera and the tip so that it 
generates considerably more heat and movement versus during automation in which the 
camera is not used.
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Figure VI-4. Representative time vs. displacement program curve.
Table IV-2. Summary of various methods used throughout this study.
Displacement
Control
Load
Control Rate Variation Creep
Stress
Relaxation
Load
200
pm/s
300
pm/s
Displacement 2500 nm 2500 nm 2500 nm
Indent In 500 nm/s
40
pm/s
1250.00, 625.00, 
416.65,312.50 
nm/s
60
pm/s 500 nm/s
Hold Time 2 sec 2 sec 2 sec 30 sec 20 sec
Indent Out 500 nm/s
40
pm/s
1250.00, 625.00, 
416.65,312.50 
nm/s
60
pm/s 500 nm/s
Total Time 12 sec 12 sec 6, 10, 14, 18 sec 40 sec 30 sec
Load Controlled Indentation
A load controlled closed loop/feedback displacement method was used. Indents 
were made on a 10x10 grid with a separation between indents of 15 pm. The indents
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were made using a lift height of 100 nm followed by a load of 200 pN that was applied 
onto the surface of each sample at a rate of 40 pm/s with a hold time of 2 sec. The 
surface is ‘found’ and the drift is measured. The tip is raised from the surface by 100 nm, 
which is the lift height, so that the test is begun above the surface. This guarantees a 
clear true zero depth in the data. The indent takes 5 sec, which is the time to enter the 
sample and this period begins at the lift height; then the tip is held at constant load after 
the initial 5 sec, in this case for 2 sec, and then withdrawn over 5 sec.
Drift measurements were done over 20 sec with the analysis of drift based on 
data taken over the final 10 sec with a pre-load force of 0.2 pN. The preload force is the 
force that is needed to keep the tip on the surface. It is also the force used to locate the 
surface. It was set as low as possible for these samples and lowered until a false engage 
occurs. A false engage can occur in air when the tip ‘thinks’ it has engaged the surface, 
but then cannot apply a load to it. False engages can also be caused by bumping the 
machine. This guarantees the minimum force needed to locate the surface and minimize 
creep into the sample.
Rate Variation in Displacement Controlled Indentation
A closed loop/feedback displacement method was used. Indents were made on a 
6 x 6  grid with a separation between indents of 15 pm. The indents were made using a 
lift height of 100 nm followed by a displacement of 2500 nm into the surface of the 
samples with a constant hold time of 2 sec and various rates including 1250.00, 625.00, 
416.65, and 312.50 nm/sec (or 2,4, 6 and 8 seconds in the loading and unloading
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segment). Drift measurements were done over 20 sec with the analysis of drift being 
measured over the final 10 sec of the test with a preload force of 0.2 pN
Displacement rate, on general principles of viscoelasticity, is expected to be a 
significant variable in the same sense that macroscopic stress vs. strain profiles that are 
generated, for example, using Instron or MTS machines, depend on the strain rate, or 
crosshead speed. Higher strain rates yield higher initial modulus, for example. Of 
course, this is a local viscoelastic experiment that is more complex than the macroscopic 
tests for a variety of reasons, including the fact that the cross sectional area across with 
the stress is distributed varies and material is not simply extended or compressed subject 
to a simple Poisson ratio, but pushed aside laterally in a way that cannot be accounted for 
in the analysis.
Creep Measurements
A closed loop/feedback displacement method was used. Indents were made on a 
10x10 grid with a separation between indents of 15 pm. The indents were made using a 
lift height of 100 nm followed by a load of 300 pN into the surface of the samples at a 
rate of 60 nm/s. An extended hold time of 30 sec was used. Drift measurements were 
done over 20 sec with the analysis of drift being measured over the final 10 sec of the test 
with a preload force of 0.2 pN.
Stress Relaxation Measurements
A closed loop/feedback displacement method was used. Indents were made on a 
10x10 grid with a separation between indents of 15 pm. The indents were made using a
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lift height of 100 nm followed by a displacement of 2500 nm into the surface of the 
samples at a rate of 500 nm/s. An extended hold time of 30 sec was used. Drift 
measurements were done over 20 sec with the analysis of drift being measured over the 
final 10 sec of the test with a preload force of 0.2 pN.
Results and Discussion 
Two types of diamond tips were used in this study: a Berkovich tip and the 
conical tip described above. The conical tip was used for all following data, because 
conical tips typically perform better on soft samples. The Berkovich tip was used 
extensively in a previous study run by this author; however the results were not as 
consistent or repeatable as results generated using a conical tip. Therefore the data 
includes only that generated by the conical tip. The conical style tips are significantly 
larger, being microns vs. nanometers in radius; therefore, it is able to average more of the 
surface. This averaging of the surface is useful in analyzing the pentablock terpolymers 
having greater percent PAA as more defects appear in the surface, as mentioned in 
Chapter IV.
Hold time is an important parameter to study for multiple reasons in, for example, 
the creep and stress relaxation modes, and in measuring the reduced modulus and 
hardness correctly. The accepted method for finding an acceptable hold time is to 
conduct experiments until the unloading curve does not exceed the maximum displaced at 
the end of the hold period. In other words, if the unloading curve bows or has curvature 
so that during unloading, it actually goes deeper into the materials, the holding time is not 
long enough. This continued displacement during unloading is actually a result of creep 
deformation.6,7,8 Two seconds turned out to be an acceptable hold time to minimize the
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creep deformation in the unloading segment for all the samples. One drawback noted by 
Fang et al. is that a hold time that is too long can result in the effective modulus and 
hardness slowly decreasing.9
Displacement Control Mode
Displacement is an interesting way to control the indents in that the relative forces 
for each sample are varied to reach the desired depth. In this case, 2500 nm was chosen 
as the depth. As seen in Figure VI-5, the greater the percent PAA, the higher the loading 
needed to reach 2500 nm, while the lowest PAA content took the lowest loading. This is 
no surprise when the compositions of these materials are included in the analysis. 
Namely, as percent PAA is increased, the overall hard composition is increased which 
increases the resistance to deformation. Also, from the hold segments of the curves, 
stress relaxation is much more dramatic in the polymers having higher percent PAA.
2800-1
2 6 0 0 -
2 4 0 0 -
2200 -
2000 -
1800- ■v—  C ~  24.0%  
i- G ~  33.7%
& B -2 3 .4 %
A  ~  11.6% 
D  ~  22.4%
Z  1600-  
^  1400-
§  1200 -
1000 -
8 0 0 -
6 0 0 -
4 0 0 -
2 0 0 -
E ~  43.8%
0 500 1000 1500 2000 2500
Displacement (nm)
Figure VI-5. Displacement controlled indentation curves.
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In this stress relaxation experiment the sample is held at 2500 nm at the top point 
of the curves for 2 sec and then the tip is retracted and the curve loops back. The 
unloading and unloading segments occur at the same rate. While this is considered to be 
a stress relaxation experiment the hold time of ~2 sec is probably not significantly long 
enough. The section below on stress relaxation has a longer hold time of 30 sec to better 
observe the relaxation.
Figures VI-6 and VI-7 illustrate the reduced modulus and hardness for samples 
over the composition range 11.6% - 43.8% PAA. Not only is an increase seen in both 
parameters as PAA is increased, but a significant jump in these properties is seen as the 
multiphase morphology shifts from one geometry to another. As seen in Chapters IV and 
V, the PAA phase in sample A consists of an array of spheres and samples B,C, and D 
have the PAA phase in cylindrical arrays, while samples E and G have the PAA phase 
arranged in lamellae. In both Figures VI-6 and VI-7, the points for samples B, C, and D 
are in similar areas, which is not unexpected due to the similar percentages of PAA. A 
curve could be well-fitted to the data in Figures VI-6 and VI-7 although sample D seems 
to break an approximate trend.
Another interesting phenomenon shown Figures VI-6 and VI-7 is that as the 
samples become harder, the contact depth increases. The contact depth, as discussed in 
the introduction, is a calculated value based on the x-intercept of the fitted line that is 
tangent to the unloading curve. As the sample becomes harder, the slope of the tangent 
curve increases causing a larger contact depth. In other words, the more the recovery, the 
lower is the contact depth. The error bars in the contact depth direction are due to creep 
variation in the samples. The softer the sample, the more creep and the larger the error
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bars. This creep phenomenon will be discussed later in more detail in this chapter. The 
error bars in the Y direction have to do with variation in the composition of the material 
surface. Sample E has more defects and variation in the surface than sample A, which 
accounts for the larger error bar in the Y direction.
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■ A ~  11.6% j
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>■ B ~ 23.4%
v C ~  24.0%
* G ~  33.7%
X E ~ 43.8%
— i-------- 1-------- 1---------------1-1--------------- 1-1--------------- 1-1--------------- 1-1--------1-------- 1—
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Contact Depth (nm)
Figure VI-6. Displacement controlled indentation reduced modulus vs. contact depth 
over the range of percent PAA.
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Figure VI-7. Displacement controlled indentation hardness vs. contact depth over the 
range of percent PAA.
Load Controlled Mode
Loading controlled is another closed loop method. In this case, a maximum load 
is used to control the indents. In this case, it is the displacement that is adjusted to obtain 
the desired maximum load. A maximum load of 200 pN was chosen as shown by the 
vertical limits in Figure VI-8. 200pN is a small load in the sense that the Hysitron® 
machine is capable of the much higher load of 9800 pN. However, the other limit of the 
machine is a maximum displacement of 5 pm in depth. With a soft sample during creep 
the machine can approach this 5 pm limitation, so small loads must be used. Since 
sample A, which contains ~ 11.6% PAA, deforms greatly, this low loading was chosen so 
that all samples could be compared under the same deformation condition.
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Figure VI-8. Load controlled indentation curves over the range of %PAA.
In Figures VI-9 and VI-10, the trend is reversed in terms of contact depth as 
compared to the displacement series. This may seem to be at odds with the above 
argument about recovery. Under load control the maximum displacement increases with 
decreasing amounts of PAA. The argument for recovery controlling the contact depth 
can only be applied if all the curves are generated to the same depth as done in the 
displacement series experiments.
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Figure VI-9. Load controlled indentation reduced modulus results over the range of 
percent PAA.
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Figure VI-10. Load controlled indentation hardness results over the range of percent 
PAA.
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Again, Figures VI-9 and VI-10 illustrate that as the percentage of PAA is 
increased, the reduced modulus and hardness both increase, which is reasonable. The 
load control program also a yields a measure of overall hardness, softness, and elasticity. 
Figure VI-8, illustrates that as the percent PAA is decreased, the indents penetrate deeper 
into the sample in accordance with the anticipated increase in the relative elastic block 
component. As with the curves in Figure VI-5, the Figure VI-8 hold time segments 
illustrate an additional property. The hold periods of the load curves are a manifestation 
of creep in the samples, and decreases as the percent PAA is increased.
Rate
The rate of the experiment is an important parameter in these tests. In a general 
sense, when the rate of a physical test is increased, a significant shift in properties can 
result. For example, in a macroscopic mechanical test, when the rate of deformation is 
increased the material behaves as a being more stiff (higher modulus) and more brittle. 
Fang et al. saw an increase in both properties in polycarbonate films.9 In contrast, Beake
et al. observed a decrease in hardness with increasing load rates in poly(ethylene
t 2
terephthalate), while the reduced modulus was virtually unchanged. There are numerous
examples of changes in different physical properties with changes in experimental 
rate.10’11
However, in the nanoindentation tests reported here, there seems to be no-to-little 
change for the pentablock materials as the indentation rate is increased from 312.50 to 
1250 nm/sec (8 to 2 sec duration). As shown in Figures VI-11 and VI-12, samples A
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(11.6% PAA) and E (43.8% PAA) showed no significant change in reduced modulus as 
the rate was changed and no trend is apparent.
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Figure VI-11. Displacement controlled indentation reduced modulus results for sample 
A (11.6% PAA) by rate.
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Figure VI-12. Displacement controlled indentation reduced modulus results for sample 
E (43.8%) PAA by rate.
These results are somewhat confusing. The first line of reason to consider is 
based on the fact that these materials are elastomeric in nature so that the time scale is too 
long to see the influence of rate on these particular polymers. This test was done over 
seconds, and but elastomers, having fluid chains, can react to applied deformation 
instantaneously, in essence. Therefore, the time scale of the test as per the applied rates 
was too long to see a viscoelastic rate effect for these samples. This line of thought might 
be applied to sample A (11.6% PAA), but sample E (43.8% PAA) does not behave as an 
elastomer. Figures VI-13 and VI-14 show data for both samples A and E, which contain 
the minimum and maximum PAA percents, respectively. Much like sample E, sample A 
has no trend nor is there a significant effect as the rate is increased. Chapter V illustrates 
quite clearly that none of these samples qualify as true elastomers, in any case.
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Figure VI-13. Overall displacement controlled indentation reduced modulus results for 
samples E (43.8% PAA) and A (11.6% PAA) by rate.
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Figure VI-14. Overall displacement controlled indentation hardness results for samples 
E (43.8% PAA) and A (11.6% PAA) by rate.
Creep
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Local, small scale creep is an interesting property that can also be studied using 
the nanoindenter by holding the load constant while monitoring depth changes in 
time.6,9,7 For the samples shown in Figure VI-8 there were 2 sec hold times, while for the 
data in Figure VI-15 30 sec hold times were used. Both figures illustrate the same trend, 
with Figure VI-15 showing it more clearly. As the percent PAA is increased, the amount 
of creep is reduced due to the material’s inability to have molecular movement. This 
might be attributed to an increase in hydrogen bonding between COOH groups in the 
outer blocks. It should be noted that sample A had very few curves to take into account 
(15 vs. 100), due to the creep being of such a magnitude that it exceeds the 5 pm limit of 
the machine.
Z
'w '
■3ohJ
0 1000 2000 3000 4000 5000
Displacement (nm)
Figure VI-15. Indentation curves illustrating creep during the holding time period of 30 
sec.
Figure IV-16 illustrates the overall creep, in nanometers, observed in samples as a 
function of increasing percentage of PAA. As observed in Figure IV-15, the greater the
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percent PAA, the lower the creep. For the time scale over which these measurements are 
conducted, the harder the material, the more resistant it is to creep, which is logical.
1000 -
A - 11.6% D - 22.4% B - 23.4% C - 24.0% G - 33.7% E - 43.8%
% PA A
Figure VI-16. Local creep values for the pentablock series of different percent PAA 
compositions.
Stress Relaxation
In a stress relaxation experiment of any sort, the displacement is held constant and 
the applied load is monitored vs. time. Figure VI-5 illustrates curves with 2 sec hold 
times, while Figure VI-17 illustrates curves with 30 sec hold times. It is seen in Figure 
VI-17 that the amount of stress required to reach the desired constant displacement 
increases with increasing percent PAA, which is reasonable. Much as in Figures VI-8 
and VI-15, Figures VI-5 and VI-17 illustrate the same trend, with Figure VI-17 showing 
it more clearly. In this case, as percent PAA increases the amount of relaxed stress 
increases. This behavior can be rationalized as follows. As the percent PAA increases,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
142
the material becomes more glassy and less elastic. Stress relaxation is the greatest in 
glassy polymers in which there is structural irreversibility owing to chains slipping 
through entanglements. On the other hand, a crosslinked rubber shows little if any stress 
relaxation under constant strain and is mechanically reversible as the material is elastic.
These samples were run at a rate that was too slow to capture the stress relaxation 
in the softer materials. Sample A, for example, may have undergone relaxation during 
indention before the hold period commenced.
Sample A (11.6% PAA) would not relax greatly during the time of loading up to 
the maximum displacement if the rate was higher. If the initial indent rate was such that 
the time scale of the experiment was comparable to the natural time scale for elastomer 
molecular chain rearrangements, sample A would not have time to relax and would have 
the highest stress relaxation during the hold period. However, for the actual experimental 
time scale used, sample A responds instantaneously, which is why it does not reach the 
maximum loads seen by the sample with more overall hard segments. The high PAA 
samples behave as being more viscous than elastic, while the low PAA systems are more 
elastic. In other words, 5 sec is greater than the time scale of molecular rearrangements. 
Hydrogen bonding would also prevent/retard the stress relaxation in the samples with 
greater PAA contents so that it would be more readily observed in this test over the 5 sec 
time frame.
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Figure VI-17. Indentation curves illustrating stress relaxation during the holding time 
period of 30 sec.
Figure VI-18 (A) illustrates the overall stress relaxation in micro-Newtons as a 
function of increasing percentage of PAA. The stress relaxation is measured from the 
stress value at the beginning of the hold period to the stress at the end of the hold period 
(i.e., the vertical line). The sample A stress relaxes very quickly due to the large fraction 
of flexible PIB blocks. Also, the least degree of hydrogen bonding anticipated for this 
low PAA composition contributes to the relatively better ability to relieve stresses 
quickly. This lack of hydrogen bonding is also discussed and shown in the high 
temperature transition in Chapter V DMA results. As the amount of PAA is increased, 
the materials are less able to quickly disperse the stress throughout their volume within 
the time frame of the experiment as these block domains become not only more extensive 
but more cohesive.
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Figure VI-18 (B) is a bar graph that illustrates the stress decay during the hold 
period across the pentablock composition series. This response was quantified by the 
difference between the maximum and minimum stress (cio and cr, respectively) which was 
divided by Co to give a fractional decay, This number that allows for meaningful 
comparison between the curves that do not reach the same maximum load before the 
stress relaxation experiment begins. Of course, a  is not the same as in a macroscopic 
stress relaxation experiment, i.e., force per unit area, but is the load, P. And it should be 
appreciated that the nature of the deformation is more complex so that the macroscopic 
equations for viscoelastic response cannot be applied.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
145
A)
£
co
3Pi
0)
■4-*
VI
1400 -
1200 -
000 -
A - 11.6% D  - 22.4% B - 23.4% C - 24.0% G - 33.7% E - 43.8%
% P A A
B)
A  - 11.6%  D  - 22.4%  B  - 23.4%  C - 24.0%  G - 33.7%  E - 43.8%
% PAA
Figure VI-18A & B. A) Average stress relaxation in the pentablock series over 100 
specimens per sample. B) Fractional stress decay, (ao - a)/ao, of the same.
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Overall Techniques
Additionally, the effects of different indentation rates, hold times, and 
displacements on properties were plotted. The sample E (~ 43.8% PAA) results for 
reduced modulus and hardness are shown in Figures VI-19 and VI-20, respectively. The 
reduced modulus values are in reasonable agreement regardless of conditions. However, 
hardness values vary greatly according to experimental mode for the load and creep 
experiments, which is odd in that hardness and modulus are closely related in 
macroscopic tests. This is most likely due to the fact that the penetration depths were 
different. In the other experiments, a depth of 2500 nm was used, while for the load and 
creep experiments, depths from 3500 to 5000 nm were obtained. Figure VI-21 shows a 
decrease in hardness with depth when all the samples are plotted for sample E. This may 
just be a result of differences between macromolecular organization in the surface and 
bulk regions of the material. It is quite possible that the phase separated morphology at 
the surface is not quite the same as that in the interior and the argument for this might be 
based on surface tension considerations. The surface tension between a given phase and 
air would not be the same as the surface tension between this phase and an adjacent block 
phase. This might have the effect that it would take more energy to penetrate the near­
surface than to penetrate deeper into the sample.
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Figure VI-19. Summary of results from all methods for reduced modulus indentation 
results for sample E (43.8% PAA).
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Figure VI-20. Summary of results from all methods for hardness indentation results for 
sample E (43.8% PAA).
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Figure IV-21. Sample E (43.8% PAA). The curve depicts a decrease in hardness with 
increasing depth in the load controlled experiment.
Finally, the relationship for all samples and all materials during all tests are
plotted together in Figures VI-22, -23, -24, and -25. Figures IV-22 and -23 are identical
to Figures IV-6 and -7. All depths were kept the same in the displacement experiments at
2500 nm, so the contact depth is a reflection of recovery of the material, as mentioned
previously.
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Figure IV-22. Overall reduced modulus in displacement controlled experiments.
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Figure IV-23. Overall hardness in displacement controlled experiments.
Figures IV-24 and IV-25 are load controlled tests (200 pN) for different contact 
depths that are affected both by the total displacement as well as recovery of the material. 
However, in this case, the contact depth is more directly related to the actual 
displacement. The interesting aspect and important feature of these curves is the fact, 
especially as seen in Figure IV-25, that the data points like along a generally decreasing 
curve with increasing percent PAA. This trend in the curves may be just due to the 
variation in percent PAA since the PS and PIB percentages are relatively constant. 
However, this seems unlikely as more complex variables begin to enter the equation such 
as the different morphologies of these systems. The actual shape of this curve is due to 
the way hardness is calculated in Equation IV-3. Pmax is held constant, so the only 
change is in the area. This produces the curve seen in Figure IV-25, and may represent a 
flaw in the current accepted method for calculating hardness.
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Figure IV-24. Overall reduced modulus in load controlled experiment.
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Figure IV-25. Overall hardness in load controlled experiment.
Conclusions
This chapter reports the results of using the technique of nanoindentation to probe 
the microscopic mechanical properties of the surfaces of the PAA-PS-PIB-PS-PAA series 
described in Chapters IV and V. These studies involve experiments with a Hysitron®
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nanoindentation instrument that was used to acquire local modulus, hardness, creep, and 
stress relaxation data and the influence of the experimental rates on these properties. An 
introduction to this novel technique is also provided.
Overall, nanoindentation provides a means of identifying mechanical trends in 
short times and numerous tests can be conducted with small amounts of material. 
However, it should be realized that the sample deformation is of a more complex nature 
than that experienced in the analogous macroscopic tension and compression tests.
In these studies, the reduced modulus was seen to increase with increasing percent 
PAA, which is in qualitative agreement with the macroscopic tensile and DMA results 
presented in Chapter Y for the same materials. The hardness of the samples was yet to be 
measured by any other macroscopic method and was shown to increase with increasing 
percent PAA, again a reasonable result.
Creep tests show that the softest and most elastic material (sample A) creeps the 
most and the hardest material (sample E) creeps the least. Stress relaxation behavior is 
more complicated when considering the results for various experimental time scales. The 
glassy samples show the largest amount of relaxed stress. It is likely that the softer 
samples (higher PIB content), having less relaxed stress, have a good fraction of the 
cumulative stress relieved during the period of loading up to the maximum tip 
displacement.
The experimental rate data is confusing. In macroscopic tests of mechanical 
tensile or dynamic mechanical response, the rate or time scale of the experiment strongly 
influences the response. However, there appears to be no significant trend or change in 
nanoindentation properties with rate. Perhaps this may simply reflect a condition
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wherein the excitation is too slow to observe the response relative to the time frame for 
macromolecular rearrangements. The natural rapid chain motions in elastomers allow 
for the material to react almost instantaneously to an excitation, that is, as a material that 
is highly elastic with a negligible viscous contribution.
Finally, it is of worthy note that during all tests the higher the percent PAA, the 
more cracking took place. Cracking is denoted in the displacement versus load curves as 
an extended shoulder where the depth continues to increase, but the load levels off or 
decreases as the stress is relieved. This technique is very useful in obtaining trends in the 
data. However, aside from reduced modulus and hardness, the results become difficult to 
correlate to other techniques. One of the shortcomings of this method is that, as opposed 
to macroscopic viscoelasticity, there are currently no theoretical underpinnings for 
indentation at this ultrastructural level.
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CHAPTER VII
WATER TRANSPORT THROUGH [ACRYLIC ACID-STYRENE-ISOBUTYLENE- 
STYRENE-ACRYLIC ACID] PENTABLOCK ABCBA TERPOLYMERS
Introduction
In this chapter water vapor permeation and water diffusion was studied as a 
function of PAA percent and morphology. The two techniques used to study transport 
properties of the pentablock series that are shown in Table VII-1 were vapor permeation 
cups and attenuated total reflectance Fourier transform infrared spectroscopy (FTIR 
ATR) spectroscopy.
Table VII-1. Number average molecular weight (Mn, g.mol'1) characterization of PAA-
B-PAA block copo ymers by GPC listed in ascending order o 'PAA percent.
Mn
(g/mol) PDI
PIB
Mn
(g/mol)
PS
Mn
(g/mol)
PAA
Mn
(g/mol)
Wt%
PIB
Wt%
PS
Wt%
PAA
A 30,800 1.17 18,000 9,200 3,600 58.4 30.0 11.6
D 38,500 1.31 19,700 10,200 8,600 51.2 26.4 22.4
B 37,100 1.26 18,700 9,700 8,700 50.4 26.2 23.4
C 42,600 1.24 21,400 11,000 10,200 50.2 25.8 24.0
G 45,500 1.26 20,000 10,200 15,300 43.9 22.5 33.7
E 61,200 1.16 22,700 11,700 26,800 37.1 19.1 43.8
Diffusion of gases and liquids in polymers can depend on a number of factors 
including: temperature, penetrant molecular size and shape, polymer glass transition 
temperature (Tg), polymer plasticization, gas/liquid pressure, polymer crosslinking, 
polymer microcrystallinity, polymer orientation, polymer composition, geometry of 
phase separation, fillers, and ageing.1
154
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Steady state gas flow across flat membranes is governed by Fick’s First Law of 
diffusion:
j  = — ~C Equation VII-1
/ is the thickness of the film, AC = C2 -  Ci is the difference in penetrant concentration 
just beneath the film surfaces on either side, J is the flux, that is, the amount of penetrant 
transported per unit area per unit time across the membrane, and D is the diffusion 
coefficient which is a direct measure of penetrant molecular mobility.
The concentration of the gas just beneath the surface of a polymer film is usually 
governed by Henry’s law:
C = S*p Equation VH-2
p is the gas pressure on the outside, and S is the gas solubility in the polymer.
If there is dual mode sorption, then a more complex relationship between C and P 
is necessary. If the permeability coefficient, P = D*S, then Fick’s first law becomes:
— P A p
J  = — y * ~  Equation VII-3
Where Ap is the pressure difference across the membrane and P is a function of the 
polymer/penetrant combination. P is found by experimental determination of all the 
quantities in Equation VII-1. J can be measured through the use of two compartment 
permeation cells.
In the steady state, equal amounts of permeant pass through the membrane in 
equal time intervals. When non-steady state conditions are present, Fick’s second law is 
solved subject to appropriate boundary conditions involving geometry and time, and a 
diffusion coefficient is derived from fitting the solution of this differential equation to
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experimental mass transferred vs. time data. A mass vs. time graph is linear for the 
steady state within the context of experimental conditions for the usual time lag method.
By measuring the slope of this line, J may be found. Then if Ap and I are known, P can
• * 2then be determined using Equation VII-3.
Permeation Cups
Vapor permeation cups provide a simple method for quickly and easily measuring 
permeation to rapidly screen materials. This technique measures the amount of water 
vapor that permeates through a film of a given area over a specific time.3
This experiment, while not the most precise, is straightforward and, while being 
unsophisticated, allows for meaningful comparison between samples in an initial 
screening. This method will yield values of P, but not D. The method is based on a 
modified ASTM D 1653-93, Standard Test Methods for Water Vapor Transmission of 
Organic Coating Films specification. Polymer films of various thicknesses are 
sandwiched between the lid/gasket and base of the permeation cup. Water is placed in 
the bottom of the cup which is placed in a desiccator to create a difference in relative 
humidity which is the driving force for permeation. A schematic of the experiment is 
shown in Figure VII-1. The cup is weighed before placing it in the desiccator and 
periodically weighed over time.
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Desiccator
Gasket
f /  f t ft
Polymer Film
Water
Desiccant
Figure VII-1. Schematic of permeation cup method.
After weight loss vs. time data is recorded, P for the films can be calculated as 
follows. The water vapor transmission rate (WVT) is calculated using Equation VII-4.
WVT = Equation VH-4
where:
G = weight change in grams 
t = time during which G occurred, in hours 
A = test area in m2
Once WVT is found, the water vapor permeance (WVP) can be calculated using Equation 
VII-5.
WVTWVP = — Equation VII-5
Ap
where:
Ap = S(Rx - R 2)
Ap is the water vapor pressure difference across the membrane. The saturation vapor 
pressure, S, is taken at room temperature and can be determined by plotting relative 
humidity vs. water vapor pressure data found in ASTM data as shown in Figure VII-2. 
Extrapolation of the ASTM data was used to find relative humidity at lower temperatures.
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Ri and R2 are relative humidity in the permeation cup and the desiccator respectively. Ri 
in these tests is always assumed to be 100%.
y = 0 .6865x- 29.34221.6  -
21.4 -
21.2  -
20.8  -
20.6  -
20.4 -
20.2 T
72 72.5 73 73.5 74 74.5 75
Temperature (°F)
Figure VII-2. Determination of low temperature saturation vapor pressure (S) using 
calibration plot adapted from ASTM D 1653-5.
Permeability can be calculated by dividing the WVP by the film thickness as shown in 
Equation VII-6.
P - WVP * I =--------- — * I Equation VII-6t*A*S(Rl-R2)
where:
I = film thickness in cm 
P = permeation coefficient in 
g*m/m2*hr*mmHg
FT1RJATR Method of Diffusion Measurement
The FTIR/ATR-based method provides a more quantitative assessment of 
diffusion as well as molecular information for the diffusant, polymer, and diffusant- 
polymer interactions, in the near-interfacial region. The method involves placing in 
contact, or casting a film onto, an ATR crystal. A liquid state penetrant reservoir is 
placed in contact with the film and diffusion is measured by the evolution of an IR
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signature band of the penetrant on the other side of the film vs. time. FTIR/ATR has 
been used by many researcher to determine diffusion coefficients for liquid penetrants 
such as water and alcohol in polymer films.4’5’6’7’8,9’10 Significantly, the results correlate 
well with those obtained from gravimetric sorption experiments.5 By the FTIR/ATR 
method, water diffusion data can be generated by observing the H2 O scissors band at ~ 
1620 cm'1 as in the experiment illustrated in Figure VII-3a. The height of this peak is 
graphed as seen in Figure VII-3b. Once peak height or, more accurately, integrated peak 
area vs. diffusion time data is known, the lag time, te, can be obtained by back- 
extrapolating the linear segment of the curve that defines a pseudo-steady state, and 
determining the horizontal intercept. By knowing te and measuring /, Equation VII-7 can 
be used to estimate an ‘early time’ diffusion coefficient.
/ 2D = —  Equation VII-7
X  BCP
O sBC'P 
A  BC PI (N a  ) 
O  B C P liK  )
X X X X X  X
 1- 1--■--1—!<■ !0 ri
Figure VII-3: (a) IR spectra in H2 O scissors region vs. time for a K+ counterion 
exchanged PS-PIB-PS with 28 mol% sulfonation (K+BCPI) (b) H2 O scissors peak height 
vs. time for a block copolymer of PS-PIB-PS (BCP), a sulfonated BCP, and two ionomer 
forms.
0 Homs
7.2 Houis
12.2 Hours
17.2 Hours
10.7 Hours 
20.9 Hours 
2 2 2  Horns 
23,4 Hours
33.8 Houis 
DJ Water
Wavenunifoers (cm Ki Diffusion Time (min)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
160
As mentioned above, a strict steady state penetrant flow across a homogeneous 
membrane is governed by Fick’s first law of diffusion as shown in Equation VII-1. In the 
steady state, an equal number of moles of permeant molecules traverse the membrane in 
equal time intervals, i.e., J (mol/area/time) is a constant. For non-steady state conditions 
Fick’s second law, in the form of a differential equation involving penetrant 
concentration in position and time, C(x,y,z; t), is solved as per boundary conditions; D is 
derived from fitting the solution of this equation to mass transported vs. time data. A 
mass transfer vs. time graph is linear for the steady state.
It should be appreciated that a true steady state cannot be achieved with the 
boundary conditions for the experiment described here. The fact that the ATR detector 
plate blocks the release of molecules on the downstream side means that water will 
accumulate in this near-interfacial region which will ultimately halt the diffusion.
Mountz et al. previously described linear regions on plots of the absorbance of water 
molecule IR bands vs. diffusion time and referred to the condition during this time
« 7 11regime as a “pseudo-steady state. ’ This is not a true steady state because C(x,y,z; t) is 
constantly increasing and a condition for a true steady state is that dddt = 0. Therefore, 
we refer to an effective diffusion coefficient based on the utilization of data in this linear 
region as being reflective of penetrant molecular mobility during the early stages of the 
process. It should also be appreciated that, owing to water plasticization, D may not be 
the same across the thickness of the film as the upstream side may be more hydrated than 
the downstream side. Moreover, D would be certain to decrease in time as the water 
concentration at all points increases. Thus, extracted values of D should be considered in 
an average sense.
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Typically, gas/vapor molecules migrate more rapidly through one phase of a 
block copolymer so that the composite value of the permeation coefficient, P, is sensitive 
to heterophase morphology.12 P = DS, where S is the solubility coefficient, which is 
different for the different phases. Odani et al. studied diffusion of simple gases through 
similar styrene-butadiene-styrene block copolymers and showed that diffusion mainly
i
occurred through the soft butadiene regions below the PS Tg. Likewise, for our 
polymers and nanocomposites, we expect that there will be preferential pathways, 
defined by the relative values of D and S for the different phases as well as the topology 
and degree of connectivity of these phases, i.e., tortousity. The highly articulated 
triphasic morphologies that are expected of the A-B-C-B-A pentablock copolymers may 
offer more than one pathway for molecular and charge migration, depending on 
penetrant/nanophase compatibility.
A schematic of the particular apparatus used is shown in Figure VII-4. Diffusion 
data for water can be generated by monitoring the bending vibration of the H2 O molecule 
at 1620 cm'1, or the broad O-H stretching vibration envelope in the range 3000-3800 cm'1 
can also used for this purpose as illustrated in Figure VII-5.
Polymer 
/  FilmLiquid
Penetrant
Diamond/ZnSe CompositeATR
Figure VII-4. ATR/FTIR liquid cell used for monitoring the time evolution of the 
diffusion of permeants that are sorbed from a liquid reservoir.
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Figure VII-5. 3-D plot illustrating time evolution of the region of the FTIR spectrum of 
H20  molecule vibrations (H-O-H bending and O-H stretching). The data is for a 
deposited P/Bu-PS-PIB-PS-P/Bu film.
An important benefit of this approach is that, in addition to extracting diffusion 
data, molecular information on the evolution of water structure in the near-interface 
region on the downstream side of the deposited film can be obtained. The information of 
most importance in this regard is the relative amount of hydrogen bonded vs. non­
hydrogen bonded water. This fundamental information is essential in understanding 
water and charge transport through these membranes.
The “points” axis in Figure VII-5 is proportional to time, each point being a 
number associated with a particular spectrum in a time sequence. There are 15 spectra in 
Figure VII-5. If all of the numerous files are used and if it is known how long each scan
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takes, an actual time axis can be established. The approximate time frame to reach the 
15th spectrum is from 0 to ~25 hrs.
A new design was explored in this study that used a FastIR™ ATR cell which 
allowed for a small amount of pressure to be placed on a pre-existing film. The main 
improvement over the previous method is the fact that free standing films can be used 
directly rather than casting directly onto the ATR crystal.
A common mathematical method for calculating D using the FTIR-ATR methods 
is based on the equation of Fieldson and Barbari (Equation VII-8).3,4
In' . - A '
V  ^  J
-  In Dn T-t Equation VII-8
4 L2jc )
Unfortunately this equation does not account for an initial time lag period which is very 
common in block copolymer ionomers as well as with these pentablocks.2 This time lag 
can be taken into account by using Equation VII-6. The validly of this equation in these 
extended lag time periods was shown by Mountz et al. in work with block copolymer 
ionomers with and without in situ grown inorganic sol-gel networks. The time lag 
method was validated by measuring the diffusion coefficient of styrene.2,11 This method 
yielded reasonable diffusion coefficients in agreement with literature.14
Experimental
Permeation Cup Experiments
These studies were conducted using the permeation cell in Figure VII-1. In this 
case, modified 20 ml scintillation vials were used, each with an opening area of 12.41 
cm . 19 mm disks were produced using a standard die punch with sample thickness 
ranging from 0.7-1.1 mm. These films were cast using the methods described in early
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chapters. 10 ml of de-ionized water was placed in each vial. After the vials were 
sealed, they were weighed typically once every 24 hours. Modified scintillation vials 
were chosen over typical permeation cups, due to ease. Typical permeation cups have 
very large openings and use a great deal of material, whereas scintillation vials allow for 
lesser amounts. A further benefit is cost, which allows for multiple tests to be performed 
simultaneously.
It should be noted that there are some shortcomings to this method including the 
possibility of a layer of still air forming inside the cell near surfaces of the test film.15 If 
the permeation through the film is large, the relative humidity within the film can also be 
lowered effectively, thereby lowering the driving force for permeation resulting in a 
smaller measured permeation coefficient.15
FTIR/ATR Experiments
FTIR/ATR diffusion experiments were conducted using a SensIR 3 or 9 reflection 
horizontal ATR module connected to a Bruker Equinox 55 FTIR bench. The module 
contained a composite ZnSe/diamond crystal fixed at an angle of 45°. The stage was 
fitted with a stainless steel cylinder that served as a containment vessel for the polymer 
solution during film casting as well as a liquid reservoir for the subsequent diffusion 
studies. A schematic of the vessel used is shown in Figure VII-4.
A second FTIR/ATR cell was developed to allow for pre-cast films to be used 
directly. The cell was a FastIR™ FTIR/ATR cell containing a ZnSe crystal fixed at an 
angle of 45°. 19 mm disks were produced using a standard die punch from samples with
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thicknesses ranging from 0.7-1.1 mm. These films were cast using methods previously 
described. In this cell, shown in Figure VII-6, H2 O continually flows over the sample.
For all experiments, IR scans were collected at 30 sec intervals after the penetrant 
was introduced, at a scanning rate of 10 kHz. Each interval collected 16 scans at 4 cm'1 
resolution over the broad spectral range of 4000-600 cm'1. After 10 min, the acquisition 
rate was decreased to 1 min intervals. The spectrum of the dry polymer film was 
subtracted from that of each successive spectrum taken under the water diffusion 
condition so as to enhance the H2 O peaks.
Figure VH-6. FastIR™ free standing film diffusion FTIR/ATR cell.
Results and Discussion
Permeation Cup Method
Figure VII-7 shows normalized mass loss by volume vs. time plots for each 
sample in the pentablock series listed in Table VII-1 having different percent PAA. It is 
suggested that the initial curvature in the graphs prior to the linear sections occurs in a 
period during which water molecules begin to hydrate the polar PAA domains. Once the
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COOH moieties become hydrated, the permeation appears to be in a steady state as there 
is a linear relationship between mass loss and time. The overall slopes of the lines, 
proportional to P, correlate exactly with percent PAA. It is natural and obvious from the 
graphs that the samples with the highest percent PAA are the most permeable. Moreover, 
the samples that have the highest permeation coefficients are those that have a continuous 
PAA phase as seen in the morphology studies. This suggests the presence of contiguous 
water percolation pathways. As discussed in Chapters IV and V, once 24% or higher, 
weight percent PAA is incorporated into the pentablock, the PAA phase becomes 
continuous. This can visually be observed by the dramatic rise in the curves from sample 
D to C in Figure VII-7. Sample G has a higher PAA percent, but also goes through a 
morphology shift to lamellar geometry, thereby producing greater H2 O vapor permeation. 
Finally, E with the highest amount of hydrophilic PAA, shows the greatest permeation. 
Figures VII-8 and VII-9 show the regular progression of increasing P with increasing 
PAA percent, and the transitional increase at 24%.
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Figure VII-7. Normalized mass loss vs. time for the pentablock series of indicated 
compositions.
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Figure VII-8. Permeation coefficients vs. percent PAA.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
168
8.0E -05
7.0E -0560
msa
*k
JSHC«sa
HeM
e
*3«
k4>CU
0 .0E + 00
PAA Permeation
- Wt% g*m/m2*hr*mmHg o
11.6 7.08E-06
- 22.4 7.95E-06
23.4 6.28E-06
- 24 3.41E-05
33.7 4.20E-05
_ 43.8 6.90E-05 O
-
O
- O °o
10 20 30 40
Poly(acrylic acid) Content (Wt%)
50
Figure VTI-9. Plot of permeation coefficients versus wt% PAA and a table of permeation 
values for the pentablock series.
The simple permeation cup experiment is considered to yield approximate 
permeation data that can be used to screen samples for further, more sophisticated 
analysis. A consequence of this simplicity is that early time data cannot be ascertained 
accurately. Thus a lag time, that is necessary in computing a diffusion coefficient, is 
unattainable. On the other hand, the FTIR/ATR -  based diffusion experiments do allow 
for a determination of D, but when water is in direct contact with the films and more 
significant swelling takes place with the consequence of plasticization effects that will 
result in greater diffusion as does not takes place in the cup method.
FTIR Method
Figure VII-10 shows the IR spectral evolution in the region of the O-H stretching 
vibration as water diffuses through the pentablock terpolymer film and reaches the
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downstream near-surface region (Sample D). During early diffusion times, a high wave 
number peak that corresponds to non-hydrogen bonded water molecules appears and 
grows. As more water molecules migrate across the film they eventually form hydrogen 
bonded clusters at the film/ATR interface. As these water clusters grow, the overall 
absorption envelope broadens in such a way that the distribution shifts toward lower 
wavenumbers as an overlapping component, that is characteristic of hydrogen bonded 
water, becomes stronger, as seen in Figure VII-10. It is seen that, within the time frame 
of this particular experiment, there is still a large fraction of non-hydrogen bonded water.
Non-hydrogen bonded H2 O hydrogen—bonded H2 O
J  k
O .I<Da
■e
<! d
3800 3600 3200 3000 2800
W avenum ber (cm '1)
Figure VII-10. FTIR/ATR spectra in the region of the O-H stretching vibration of the 
H2 O molecule vs. increasing diffusion time as indicated by the arrow. Approximately 
42h elapsed between the initial and final spectra were collected for sample D.
In an application for which proton transport is an important property (e.g., fuel
cells), the fraction of hydrogen bonded water molecules is of great importance because
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protons migrate along pathways of hydrogen bonded water molecules whereas isolated 
OH groups (proton donors) do not have an oxygen atom in an adjacent H2 O molecule 
(proton acceptor) to which a proton can transfer.
Figure VII-11 is a track of the time evolution of water transport from the liquid 
phase through a P/BuA-PS-PIB-PS-P/BuA film in the condition where the /-butyl block 
was not hydrolyzed. The data consists of the area under the O-H stretching peak that 
was derived using OPUS software. The area, rather than the simple peak height was used 
because there is a broad distribution of absorbances that reflects a wide distribution of O- 
H stretching frequencies, which in turn, reflects a broad distribution of hydrogen bonding 
states. The P/BuA-PS-PIB-PS-P/BuA sample was shown in Figure VII-11 to illustrate 
the types of curves that were obtained with the first FTIR ATR cell that is illustrated in 
Figure VII-4.
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Figure VII-11. O-H stretching absorbance peak area vs. H20  diffusion time for an 
unmodified PtBuA-PS-PIB-PS-P/BuA sample.
At the earliest diffusion times, the curve is concave upward and this defines the 
time lag period during which few water molecules have arrived at the downstream near­
interface region. While the concentration of water increases at all stages defined by this 
curve, after this time lag stage, at around 7h, the curve becomes somewhat linear. During 
this linear stage, an equal number of water molecules is detected in the downstream 
interface in equal time intervals. This has the superficial appearance of a steady state, 
but, as explained earlier, it is not, owing to the fact that the concentration at a given 
position in the film is constantly increasing. A line fitted to this curve segment was back 
extrapolated to the horizontal axis to obtain the lag time. Based on this time, the
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measured film thickness, and using the equation cited above, D was determined to be 4.6 
x 10'8 cm2/s. For reference, Linossier and coworkers showed that the diffusion constant 
for PS was 6 x 10'8 cm2/s and that of PMMA was 1.3 x 10'8 cm2/s.14 Mountz and Mauritz 
showed that the diffusion coefficient of unmodified PS-PIB-PS block copolymers ranged, 
depending the percent PS, from 10'6 to 10'7 cm2/s (unpublished, ARO progress report).
After this linear time regime, the curve develops downward curvature, indicating 
that the water transport rate lessens and, theoretically, a horizontal asymptote should be 
reached because of the blocking surface of the ATR plate. In practice, the film/coating 
can lose adherence due to water build-up.
It should be appreciated that the concentration and structure of water as well as 
the chemical structure of the polymer vs. time, as detected by this IR method, is only 
reflective of conditions in the near-surface region on the downstream side of the 
membrane and not of the bulk.
In the above-described experiment the film was cast directly onto the crystal. The 
second FTIR/ATR cell (Figure VII-6) was used to analyze pre-cast films for which the 
real time FTIR/ATR-diffusion curves are shown in Figure VII-12. The situation in this 
case is somewhat different than that depicted in Figure VII-10. Overall, the curves 
generated by the second cell are similar to those for the first which uses the casting 
method vs. free standing films. Both curves display the O-H stretching and the H2 O 
scissors regions very well. However, there are advantages associated with using the 
second cell. The first advantage is that there are no negative peaks with the second cell 
as illustrated in Figure VII-12. Negative peaks generated using the first cell may be due 
to (1) progressive dilution of chemical groups in the polymer due to water swelling
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(affecting the absorbance as per Beer’s Law) as well as to (2) film delamination in the 
later stages due to water collecting at the crystal/sample interface. The negative peaks at 
ca. 2900,1470,1379, and 1231 cm'1 are assigned to the isobutylene blocks. The second 
advantage is that no noise appears over the range of the spectra with the second cell, 
while noise associated with the first cell is due to the fact that it has a diamond layer, 
which absorbs over 1900-2300 cm'1.
O
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Figure VTI-12. Time evolution of FTIR/ATR spectra for sample E generated using the 
second ATR cell.
Figure VII-13 consists of plots of the area under the O-H stretching peak vs. 
diffusion time for the spectra of the pentablock series from Table VII-1. As observed, 
Ao, can now be determined with some confidence there is a horizontal asymptote at the 
longest times. Pentablocks A, B, and D, which all contain less than 24% PAA and have 
non-continuous PAA phases, show no diffusion over the timeframe of this experiment.
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In fact, the experiments for those samples were conducted up approximately 700 min and 
no appreciable diffusion was detected. However samples E, G, and C all show water 
transport across the films which is in harmony with the fact that the morphologies of 
these samples are such that the PAA phases are continuous. In the following discussion, 
samples A, B, and D are not included due to these samples requiring from 42-96 hrs to 
obtain diffusion data.
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Figure VII-13. O-H stretching peak area vs. diffusion time using the second ATR cell, 
for the pentablock series. Curves A and D are behind curve B.
The time lag, te, was determined for these three samples as graphically illustrated 
for sample G in Figure VII-14. Note, on this curve, that there is a well-defined horizontal 
asymptote, as well, te vs. percent PAA is shown in Figure VII-15, and D vs. time is 
shown in Figure VII-16. The te vs. percent PAA behavior is not that surprising, in that 
the time lag is the time it takes the penetrant to proceed through the membrane. There are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
175
numerous factors that could affect the time lag. Thickness and number of PAA moieties 
would most likely have the greatest impact. The thicknesses were kept as close as 
possible in the casting method in an attempt to eliminate thickness as a factor in time lag. 
The amount of PAA acid would dictate the speed at which the water would transverse 
through the membrane. The more PAA, the longer it will take to hydrate the polar groups 
before H2 O can reach the ATR crystal interface. The polar groups will most likely bind 
this water until all PAA moieties are hydrated, and free H2 O is allowed to flow through 
the membrane.
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Figure VII-14. O-H stretching peak area vs. diffusion time for sample G. A straight line 
is fitted to the linear portion of the curve and extrapolated back to t = 0 to obtain te, the 
time lag.
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Figure VII-15. Time lag, te, vs. percent PAA for samples C, G, and E.
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Figure VII-16. Diffusion coefficient vs. percent PAA for samples C, G, and E.
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The phenomenon of D decreasing with increasing percent PAA, as illustrated in 
Figure VII-16, must be explained. At first sight, this appears counterintuitive given the 
trend of P with percent PAA (>24%) that is seen in Figures VII-8 and VII-9. The 
interpretation offered is that during the lag period, before numerous water molecule 
percolation pathways have had a chance to develop between the film surfaces, the initial 
water molecules are involved in the formation of hydration microstructures around the 
PAA blocks. When these bound water structures are complete, subsequent molecules are 
free to diffuse through the film. The greater the population of COOH groups, the lower 
the diffusion coefficient. This trend was also observed by Mountz et al. in their studies 
of water permeation and diffusion in PS-PIB-PS films that were sulfonated to various 
degrees, and the similar results, for reference, are shown in Figures VII-17 and VII-18. 
The same rationale, involving the buildup of hydration shells about cation-sulfonate 
groups, was offered in this earlier study. Since P = SD, if D decreases while P increases, 
it must be true that S must increase. Thus, increasing P is accounted for by increasing 
solubility with greater PAA percentage.
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Conclusions
The second diffusion cell designed for this study is closer to those used by other 
investigators that used the FTIR/ATR method of studying diffusion, such as Barbari et 
al.4,5 The new cell allows for more rapid measurements using free standing, pre-formed 
films which allows for a better control of film quality. Unlike the first version, the new 
cell prevents film delamination and allows for the concentration of penetrant on the 
downstream side of the membrane to approach a constant value so that the A® in the 
diffusion equation, that applies to this cell configuration, can be determined.
As the percent PAA in the pentablocks increases, the water permeation coefficient 
increases. The overall time lag increased with increasing percent PAA, while the 
diffusion constant decreased. This initial time lag is thought to be due to the construction 
of hydration microstructures around the acid groups. After the polar groups are hydrated 
by hydrogen bond formation, the polymer begins to swell and water migrates across the 
membrane along percolation pathways to the downstream side to be detected at the 
membrane/crystal interface.
It is not easy, to separate the individual roles of percent PAA and the terpolymer 
morphology. In general, with increasing percent PAA, the PAA domains grow in size, 
with sample E (43.8% PAA) having the largest domains, as described in chapter IV. The 
more continuous the morphology of the transport phase, the higher the permeation. This 
material also has the benefit of having the possibility of high permeation rates allowing 
for good properties in the transport of water and water vapor. This has always been a 
delicate balance, with control attempted by tailoring the hydration pathways to favor
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water, while stopping chemical warfare agents whose molecules are bulkier and have 
different interactions with the host polymer.
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CHAPTER VIII
DIELECTRIC SPECTROSCOPY AND PROTON CONDUCTIVITY STUDIES OF 
[ACRYLIC ACID-STYRENE-ISOBUTYLENE-STYRENE-ACRYLIC ACID] 
PENTABLOCK ABCBA TERPOLYMERS
Introduction
In one section, this chapter explores the use of the technique of broadband
dielectric relaxation spectroscopy (DRS) to explore macromolecular motions within the
morphologies of the pentablock terpolymers discussed previously. The molecular
weights and compositions of these materials are again listed in Table VIII-1 for easy
reference. In another section, the electrical conductivity of these samples was explored
using a two point electrode configuration. In these ways, this chapter deals with a
characterization of electrical properties from two perspectives.
Table V111-1. Number average molecular weight (Mn, g.mol'1) of PAA-PS-PIB-PAA 
block copolymers.
Mn
(g/mol) PDI
PIB
Mn
(g/mol)
PS
Mn
(g/mol)
PAA
Mn
(g/mol)
Wt%
PIB
Wt%
PS
Wt%
PAA
A 30,800 1.17 18,000 9,200 3,600 58.4 30.0 11.6
D 38,500 1.31 19,700 10,200 8,600 51.2 26.4 22.4
B 37,100 1.26 18,700 9,700 8,700 50.4 26.2 23.4
C 42,600 1.24 21,400 11,000 10,200 50.2 25.8 24.0
G 45,500 1.26 20,000 10,200 15,300 43.9 22.5 33.7
E 61,200 1.16 22,700 11,700 26,800 37.1 19.1 43.8
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
183
Dielectric relaxation spectroscopy, also referred to as electrical impedance 
spectroscopy within the electrochemistry community is used to probe long and short 
range motions of macromolecular fragments or motions of mobile charges as a function 
of both signal frequency and temperature. Figure VIII-1 illustrates possible mechanisms 
and motions that are capable of being detected by DRS over a broad frequency range.
Dipolar
0 - *
Electronic
Atomic
\ —
Figure V111-1. Possible motions detectable by DRS over a broad frequency range. 
Reproduced from references 1 and 2.
It should be said that while DRS can measure, but from a different perspective, 
the same thermal transitions as with the use of dynamic mechanical analysis (DMA),
DRS can interrogate motions over a broader frequency range as well as detect the 
presence of mobile charges, which is not possible with the DMA technique. On the other 
hand, as DRS depends on the presence of dipoles, this technique may be less effective in 
the interrogation of non-polar polymers. Therefore, for maximum effectiveness, the 
methods of DRS and DMA should be used in complementary fashion.
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Typical processes that can appear on DRS spectra include electronic polarization, 
atomic polarization, dipole rotation, and charge polarization. Electronic polarization 
occurs at optical frequencies in neutral atoms when an external electric field displaces the 
electron charge cloud about the nucleus, thereby inducing a rapidly fluctuating dipole. 
These motions are too fast to be seen with a broadband dielectric spectrometer. This 
fluctuating polarization is the same process that causes light scattering by gases, solutions 
and polymer solutions. Atomic polarization occurs at infrared frequencies and is due to 
the harmonic motion of bonded atoms that have positive and negative partial charges or 
to non-covalent ion pairs. A dipole is caused by an unbalanced sharing of electrons, i.e., 
electronegativity differences between bonded atoms. When no field is present, the 
dipoles are most often randomly oriented; however, when a sufficiently strong field is 
applied, the dipoles can orient in the general direction of the field. The fields in a 
dielectric relaxation experiment are often too small to orient these dipoles to a significant 
degree. Essentially, the instrument measures the current and voltage and the phase angle 
between them and it is this raw data that is converted into a dielectric permittivity 
spectrum. Finally, there can be internal interfacial polarization relaxation phenomena in 
heterogeneous materials which typically occurs at low frequencies.1,3
Reduced to its basic elements, a dielectric relaxation experiment consists of the 
placement of sufficiently thin film sample between two parallel plate electrodes across 
which a sinusoidal signal of low voltage is applied. The signal can have frequencies (f) 
over a broad range; hence the term ‘broadband’. Regardless of data representation, the 
fundamental data is voltage, resultant electrical current and the phase angle between these 
two quantities. From this information, and knowing the distance between, and the area of
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the flat electrodes, the real and imaginary parts of the complex dielectric constant, 
s* = s’ - is” (i = V-1) , can be determined vs. f  at a given fixed temperature, T.
In general terms, s’ is associated with energy storage per cycle, or electrical 
polarizability, while s” is associated with energy loss, or absorption, per cycle.
Dielectric relaxation spectroscopy can be viewed as the electrical counterpart of DMA in 
which E’ and E” are analogous to s’ and s”. And, as in DMA, there is a dielectric loss 
tangent, tan 8 = e”/s \  A dielectric relaxation spectrum consists of plots of s’ or s” vs. f 
at a fixed T. For a single relaxation process, s’ is a monotonically decreasing function of 
f, while s” is a peak whose maximum value, fmax, is at the same frequency as the 
inflection point on the s’ vs. f plot, as shown in Figure VIII-2. The relaxation time, or 
time scale of the underlying dipolar motion, x, is equal to (2n fmax)"1 for a simple process.
S ’
increasing f
S"
So
Figure ViIl-2. Bottom figure: Cole-Cole diagram.
A common equation that can usually be well-fitted to DRS data for polymers is 
the phenomenological Havriliak-Negami (HN) equation that as shown below.4,5,6,7
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*= 1
A £ k
■ +  S „ Equation VTTT-1
In this equation, i = V - l ,  co = 2rcf and AsK = eKo -  s Koo which is the difference between the 
zero frequency- and infinite frequency-limiting values of s’ for the k-th relaxation in a 
given spectrum. Equation VIII-1 allows for up to three different relaxations that might 
overlap. sKo is associated with the ‘static’ dielectric constant - as in Coulomb’s Law. eKOO 
is the ‘optical limit’, so-called because the highest frequencies are in the range of the 
electromagnetic spectrum for visible light; in fact, measurements are unable to be taken 
in this frequency range and this in practice is an extrapolated value. The quantity a  is a 
fitted empirical parameter that quantifies the breadth of the distribution of relaxation 
times, p is another fitted parameter that accounts for asymmetry in the distribution of 
relaxation times. When both of these parameters are unity, the equation reduces to the 
original equation that was derived by P. Debye.
The first term in the equation accounts for ‘dc conductivity’ that, when present, is 
manifest in the low frequency regime. This feature is not due to a fundamental relaxation 
in the polymer structure but is a spectral-obscuring factor that must be accounted for 
mathematically (i.e., subtracted) in order to uncover the bulk relaxations that are of 
interest. Even in the absence of intended ions, water, or in some rare cases, free 
electrons, there can be unknown impurity charges in a polymer and a low concentration 
of these is sufficient for this effect to be seen. The spectral signature is an upturn in e” 
with decreasing f  which for ‘ideal’ conduction would be characterized by the relationship 
s” x  o f1 but more often follows the general power law s” <x g>~n  where N  is slightly less 
than one. In the low frequency region of a log s” vs. log f  plot the curve would be linear
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and the slope, N, would be close to 1.00. This is graphically illustrated in Figure VIII-3. 
a  is the dc conductivity that characterizes the mobility of these often ubiquitous charges. 
When N  is considerably less than 1.00, and e’ becomes inordinately large with decreasing 
f  at the lowest frequencies, an additional spectral obscuration referred to as sample- 
electrode interfacial polarization can occur. This effect will be discussed later. Figure 
VIII-3 illustrates the variables and parameters of the HN equation on hypothetical graphs 
for real and imaginary permittivity curves vs. frequency.4
Conductivity
(ctd/e
A e
D>
log( Frequency)
Figure VIII-3. Curve representation of the variables and parameters in the HN 
equation 4 The parameters are placed on the curves to denote features that are effected by 
them; e.g., a  is on both sides of the peak as it reflects its width parameter and (3 on only 
one side to denote asymmetry.
The HN equation, when fitted to the data, will yield a relaxation time, t. The 
temperature dependence of x for temperatures above the a  process (i.e., dynamic glass 
transition) often follows the Vogel-Fulcher-Tammann (VFT) equation (Equation VIII- 
2).4,8 In the VFT equation, kB is the Boltzmann constant, Ea is an apparent (T-dependent) 
activation energy, and 7>is a hypothetical temperature at which segmental motions are 
frozen-in. Tv is the temperature of an equilibrium second order transition that would
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
188
theoretically be approached at a very slow cooling rate such that kinetic effects are not 
present. Thus, 7>is typically tens of degrees below the actual Tg. To is a hypothetical 
relaxation time at infinite temperature.
t(T) = t0 exp
k ,(T - T r \
Equation VDI-2
The equation for relaxation time distribution, G(r^for a particular relaxation in 
the dielectric spectrum labeled z, according to the HN treatment, is as follows:
/
T
G(r) = Vr0 i J
sin
ZZT
f  \ 2a‘
V r o  i j
f  \ a‘
+ 2
K r o i j
cos'{nat) +1
Equation VIII-3
0 , = arctan sm{ \a,
T
\ T 0i J
+ cos (zra,)
In this equation © has the units of an angle in radians such that 0 < 0 , < n . A good
feature of the HN approach is that the equation for the distribution of relaxation times 
allows for realistic asymmetry in G(r) vs. rcurves.9,10,11’12 A distribution of relaxation 
times for a given process is due to a distribution of microstructural heterogeneity. More 
specifically this function reflects a distribution of the local molecular environment around 
the chain segments or chemical groups whose motions are implicated in a given 
relaxation. Asymmetry in this curve reflects the fact that either of the low or high
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relaxation times are weighted more heavily than the other. In this case, as opposed to that 
for a symmetric distribution, the average relaxation time is not that for which G(z) is 
maximum. The relationship between zmax and the relaxation time in the HN equation, 
zHN, is given by Equation VIII-4. Note that when (3= 1 (no curve asymmetry), zmax = 
thn-
y
a
Equation VHI-4
Experimental
Dielectric Relaxation Spectroscopy
Spectra were collected using a Novocontrol GmbH Concept 40 Broadband 
Dielectric Spectrometer with an Alpha A analyzer over the frequency range of 0.01 Hz to 
3 MHz. The range of tested temperatures, to within ±0.2° C, was -120° C to 130° C in 
increments of 20° C. It should be noted that the highest investigated temperature for 
sample A that contains ~ 11.6% PAA, was 110° C while the temperatures of the 
remaining samples were tested up to 130° C.
Samples were punched from the cast films that are described in Chapters IV and 
V. The samples were circular 25.4 mm disks that were approximately 1 mm or less in 
thickness. The samples were sandwiched between two 20 mm gold plated electrodes. 
There was an ‘overhang’ of the samples to adjust for the fringing fields around the edge 
of the electrodes that become more important as the sample becomes thicker. Running
7  max — 7HN
sin
sin
 ^ nafi
/  \  na
20» + l)J
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samples in this manner reduces the error by forcing the fringing fields, while not being 
uniform, to at least pass through the sample.
Proton Conductivity
The electrical conductivities of sample films were measured using a two electrode 
cell configuration. Platinum electrodes were placed on the flat surfaces on one side of 
each of the ends of a given film. The films were mounted in a 25.4 mm x 25.4 mm 
PTFE membrane clamp, in the manner of Zawodzinski et al.13 The pentablock film 
samples were boiled in de-ionized H2 O for one hour before testing. This boiling will 
swell samples, especially those that have continuous PAA phases and it is possible that 
this could disrupt the original morphology. Also, the cooling of samples back to room 
temperature could have an affect on their equilibrium morphology of the samples. So as 
to not affect conductivity testing while the membrane was in a state of hydration, the 
entire cell was immersed in de-ionized H2 O at 30° C. Measurements were conducted over 
the frequency range 10 Hz -13 MHz using a Hewlett Packard 4192A impedance 
analyzer. Data analysis was done using Zview software by measuring the membrane 
resistance as taken from the appropriate real axis (Z’) intercept of a Nyquist impedance 
plot. In the case of the simpler measurement of conductivity using direct current under 
constant voltage, the resistance, R, is a simple real number. However, when alternating 
current is used, the resistance becomes a complex number, or impedance, given by Z* = 
Z’ + iZ”, where i = V - l  and Z’ is associated with resistive and Z” is associated with 
capacitive effects that are not present with direct current. A complex number for the 
impedance to current flow must be used in the case of alternating voltage because the
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current and voltage are not in phase. Z” vs. Z’ curves, referred to as Nyquist plots, 
ideally consist of semicircular arcs whose centers lie close on the Z’ axis although the 
arcs are often distorted from this ideal shape. The resistance, R, of the sample is taken to 
be the intersection of the low frequency (dc - limiting) end of the semicircle with the Z’ 
axis. The electrical conductivity is then calculated using Equation VIII-5:
a = —  Equation VIII-5
AR
In this equation cr is the electrical conductivity measured in units of S/cm, where S is the 
unit ‘Siemen’ which is equal to 1 Q '1. I  is the electrode separation in cm and A is the 
membrane cross sectional area (cm2) that is perpendicular to the current flow, and R is in 
Ohms.14 There is a problem with the use of Equation VIII-5 in using the cell 
configuration of Zawodzinski et al. that will be explained later in this Chapter.
Results and Discussion 
Dielectric Relaxation Spectroscopy
Figure VIII-4 illustrates typical data, in the form of an e” vs. f and T surface, from 
a DRS experiment. The data shown in Figure VIII-4 was collected by holding the 
temperature constant, while running a frequency scan. Essentially the 3-D plot is 
constructed from a series of these isothermal curves. The plot for sample E (43.8% PAA 
composition), shows a major transition but there is at least one minor broad transition.
All the pentablock terpolymers show a major transition but it is likely that there are other 
overlapping transitions that may broaden the main transition peak. A smaller peak is 
seen at high frequencies at lower temperatures.
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Figure VIII-4. e”-f-T surface for sample E (43.8% PAA).
The next three figures are for room temperature measurements of the sample 
series in Table VIII-1. Figure VIII-5 is a plot of e’ vs. f  for all block compositions. In 
general, with an exception, as the percent of PAA is increased, the curves are displaced 
upward. It is a reasonable suggestion that this reflects increasingly greater sample 
polarizability due to an increasingly greater fraction of polar COOH groups. Sample A, 
with the lowest percent PAA (11.6%), has the lowest real permittivity, while sample E 
(43.8% PAA) has the highest permittivity. Samples C and G do not fit the trend. Sample 
G (33.7% PAA) actually starts at a lower permittivity than sample C (24.0% PAA) at 
lower frequencies but then exhibits greater polarizability at higher frequencies than 
sample C. Sample G, which is known to have lamellar morphology, would be expected 
to have a higher real permittivity than sample C which has cylindrical morphology.
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Figure VIII-5. s’ vs. f  at room temperature for the indicated percent PAA compositions.
There are considerations other than the relative PAA composition to consider in 
analyzing these results. Another important factor is the triblock morphology for a given 
composition and the relative amount of block domain interfacial surface area/volume for 
this morphology. For a fixed domain volume, the interfacial surface area increases in the 
order: lamellae -» rods -» spheres. Of course, the volume fraction of the given phase 
must also be taken into consideration.
Figure VIII-6, which is a plot of s” vs. f, for the various percent PAA 
compositions at room temperature, shows relaxation behavior in more detail. Such a 
graph is a cut through the s”- f - T surface by a plane that is perpendicular to the T axis at 
room temperature. PIB, in principle, has little or no dielectric activity owing to the 
absence of strong dipoles. Tan 8 and As = so - e* , which is referred to as the relaxation 
strength, for atactic PS is also very low. Nonetheless, McCrum et al. reported early DRS
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studies of atactic PS.15 An a  transition was seen by this method for pure PS and the 
points on fmax vs. 1/T plots essentially lie along the same curve for the same data obtained 
using dynamic mechanical analysis. There are also sub-Tg P, y and 8 relaxations for PS 
in order of decreasing temperature. The P relaxation merges into the a  relaxation at high 
mechanical frequencies. Atactic PS can in fact have measurable dielectric activity 
because the phenyl rings, while not being polar, are polarizable due to delocalized n 
charges.6 The relaxation is strongest for the highest PAA containing sample, and 
weakest for the lowest PAA composition.
fmax for all of the main relaxations seen in Figure VIII-6 is slightly less than 105 
Hz. These asymmetric peaks are biased or skewed toward lower frequencies and a 
weak, low frequency relaxation can be seen. Clearly, there are two relaxation processes 
operative at this temperature which is lower than Tg for either the PS or PAA block 
domains. Possible explanations and rationalizations for this dielectric activity that might 
be considered are as follows. (1) Somehow, the low temperature glass transition and 
sub-Rouse relaxation for PIB have been activated. (2) There are secondary, short ranged 
(sub-Tg relaxations) relaxations in either the PAA or PS block domains, those for the 
latter having been discussed above. (3) There is a relaxation of interfacial polarization 
due to the differences in the dielectric constants of two adjacent phases. The overall 
upward displacement of the curves with increasing percent PAA in Figure VIII-5 would 
reinforce explanation (3).
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Figure V11I-6. s” vs. f  at room temperature for the indicated percent PAA.
In Figure VIII-6, dc conductivity might be implicated in the upswing in s with 
decreasing f for all of the curves. The corresponding tan 8 vs. f  curves at room 
temperature shown in Figure VIII-7 give essentially the same information as the data in 
Figure VIII-6.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
196
0.018-
0.016- D~23.4% 
- v -  C ~ 24.0% 
G~33.7% 
^•-E-43.8%
0.014-
0.012- 
s  0.010-
H
0.008-
0.006-
0.004-
0 .002 - T
,5 ,7-3 ■ 1 10 1010 10'
log10f (Hz)
Figure Vffl-7. Tan 8 vs. f  at room temperature for the indicated percent PAA.
The real and imaginary components of the complex permittivity are co-plotted in 
Figure VIII-8 to form a Cole-Cole diagram. For ‘ideal’ Debye-like behavior, relaxations 
would be manifest as semicircles, but this is not the case for these samples that have 
complex structures. The final upswing at the rightmost portions of the graphs can be 
attributed to dc conductivity.
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Figure VIII-8. Plot of e” versus s’ at room temperature.
Dielectric Relaxation Spectra o f Sample E (43.8% PAA)
As all block compositions exhibit the same general transitions to varying degrees, 
because of the large amount of data collected, only the results for sample E will be 
discussed in detail here. Figure VIII-9 shows s’ vs. f  at different fixed temperatures.
The inflection points on these curves correspond in theory, to peaks on e” curves. At - 
120° C no transition is observed but at -80° C a transition begins to appear near 1 Hz.
This transition shifts to higher frequencies as the temperature is increased. This, in a 
general sense, is due to increased polarizability due to enhanced thermal motions with an 
increase in temperature. As the temperature continues to increase there is a rather sharp 
increase in s ’ as f  decreases in the low-f region. This is most likely due to sample- 
electrode interfacial polarization as discussed above. As the frequency decreases, the
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half-period of the signal, l/(2f), during which the electric field is in the same direction, 
becomes longer. In this time frame, migrating positive and negative charges separate 
near the electrode so as to produce a capacitive effect that accounts for the large e’ 
values. This sharp increase in s’ with decreasing f  is not a bulk material effect but rather 
a consequence of having a charge-blocking electrode that causes a thin, fluctuating 
electrical double layer at the film surfaces.
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Figure VIII-9. s’ vs. f  at indicated temperatures for sample E.
Figures VIII-10 and VIII-11 show the s” and tan 5 vs. T plots, respectively, for 
this sample, Figure VIII-10 better illustrates the main transition, discussed above, that 
appears at approximately -80° C. Only the chains in PIB phase could possibly be 
mobile in the vicinity of this rather low temperature. On the other hand, as discussed, 
polyisobutylene has no significant dielectric activity, which makes the assignment of this
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relaxation difficult. One thought is that perhaps the dynamic PIB chains cause other 
dissimilar blocks in the vicinity to become mobile to the point where dipoles in the PAA 
phase at the interface can undergo a reorientation process. This thought is motivated by 
the fact that it was shown in Chapter IV that the PAA phase in sample E appears to be 
situated next to the PIB phase despite the fact that these two blocks are not directly linked 
to each other. In this way, perhaps, PAA chains at the interface may become mobile by 
thermal agitation caused by dynamic PIB chains. This transition becomes considerably 
more distinct and shifts to higher frequency as the temperature is raised to Tg for the PAA 
block phase (70-80° C). This behavior strongly implicates the PAA phase in some way 
despite the fact that the transition exists beneath its glass transition. PAA most likely 
contains some small amount of H2 O, which would be represented as dc conductivity.
This dc conductivity would become most prominent when the H2 O was least constrained, 
which would be the Tg of PAA as observed in Figures VIII-10 and VIII-11 again 
suggesting this transition is related to the PAA phase.
It might be thought that the upswing in s” with increasing f in the MHz range is 
the beginning of a high frequency process whose peak is off-scale. When the frequency 
range of the experiment was increased to 20 MHz, there developed a small shoulder and 
then the data continued to increase. On the other hand, this might be an experimental 
artifact of unknown origin. This final curve rise begins at the same frequency at which 
there is an un-natural discontinuity in the first derivative regardless of temperature. If 
this were a true transition, it would be expected to shift with temperature in either 
Arrhenius or Vogel-Fulcher-Tamann fashion. Also at -120° C, there are no long range
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motions for the instrument to detect; however, there may be lesser local motions at high 
frequencies in at this temperature such as a local group vibration.
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Figure VUI-IO. s” vs. f  for the indicated fixed temperatures for sample E. The low 
frequency upswing is attributed to dc conductivity.
0 .0 3 0 -|
0.025 -
0.020 -
*2 0 .015 -  
§
E—
0 .010 -  
0.005 -
— ■ — -120 C
o — -80°C
-40 C
120 C
" I  1 " " " 1 ........................................................................... ..... .........
10 10" 101 103 
logI0f  (Hz)
10 107
Figure V111-11. Tan 8 vs. f  for the indicated fixed temperatures.
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With an increase in frequency, the transition shifts to higher temperatures as 
shown in Figures VIII-12, VIII-13, and VIII-14. As the time frame for capturing activity 
becomes shorter with higher frequency, the motions implicated in a given relaxation can 
no longer be detected. At a higher frequency a transition will have to appear at a higher 
temperature to be seen. This is because the dipoles require more thermal kinetic energy 
for their motions to be fast enough to be captured within the shorter experimental time 
frame = l/(2f). On the other hand, at a lower frequency, the transition can appear at a 
lower temperature since the dipoles, as coupled to the polymer, are able to execute their 
natural motions within a half period of applied electrical field oscillation.
In Figure 12, not only does the transition shift to lower T with decreasing f, but 
the curves are displaced upward in this order. The reason for the upward displacement is 
that s’ is proportional to the sample polarizability, which, in turn depends on the mobility 
of dipoles or separated charges. As the temperature increases, this mobility increases.
The transitions are seen more clearly in Figure VIII-14 wherein the s” peak 
monotonically shifts to higher temperatures with increase in f. The low frequency curves 
from ~0.5 to 3 Hz in Figure VIII-13 show transitions from -50° C to -80° C. The normal 
Tg of PIB is typically around -68° C .16 The same information is seen in the tan 6 vs. T 
curves in Figure VIII-13. The range of the DRS transition temperature over the 
frequency range from 0.5 to 3 Hz, is in agreement with published results as well as with 
the results from the DMA studies described in Chapter V.
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Figure VIII-12. s ’ vs. T curves at the indicated fixed frequencies for sample E.
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Figure VIII-13. s” vs. T at the indicated fixed frequencies.
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Figure VIII-14. Tan 8 vs. T at the indicated fixed frequencies.
The Cole-Cole plots for this data are shown in Figure VIII-15. As mentioned for 
the data plotted in Figure VIII-8, ideal relaxation semicircles are not present. The points 
on the semicircles progress to the right with decreasing frequency and the final upswing 
can be attributed to dc conductivity. At high frequencies, the time scale of the 
experiment is too short to properly pick up the transition, while at the low frequencies, 
interfacial polarization becomes a problem.
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Figure VDI-15. s” vs. s’ plots over the range of tested frequencies at room temperature.
Interfacial Dielectric Properties
The concept of a mobile, low Tg PIB phase adjacent to the high Tg PAA phase 
was suggested earlier based on AFM evidence. Figures VIII-16 and VIII-17 consist of s’ 
and s”  vs. f  curves for the pentablock series at the rather low temperature of -80° C. 
Except for the sample having 22.4% PAA, the s’ curves are displaced upwards, overall, 
with increasing percent PAA and the shift is most profound for the highest percent 
(43.8%) PAA. As before, this trend can be attributed, in some general way, to an 
increase in the composition of the most polar phase and it should be noted that this trend 
is the same as that seen in the data at the much higher room temperature in Figure VIII-5. 
While there are no strong inflection points on the s’ vs. f  curves, dielectric activity is seen 
on the s”  vs. f  curves. On the s”  vs. f  plots, the sample having the lowest percent PAA
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and highest PIB percent (58.4%) does not exhibit a relaxation across much of the 
frequency range except at the highest tested frequencies and it is seen that the other 
samples also have dielectric activity in this range. As percent PAA increases, a low 
frequency relaxation develops and becomes rather strong for the highest PAA 
composition, which also represents the largest interface between PAA and PIB. At this 
highest percent PAA, fmax is approximately 1 Hz which corresponds to a long relaxation 
time of around 0.16 s. It is also significant that the transition only appears strongly on 
curves for samples with continuous PAA phases (samples C, G, and E) between 0.1-10 
Hz, although weaker dielectric activity is seen at these frequencies for the other samples. 
In Chapter IV it is only clear for sample E (~ 43.8% PAA) that the PAA phase resided 
next to the PIB phase. However, this DRS data suggests that in all three samples some of 
the PAA resides next to the PIB phase, although this is speculation at the present.
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Figure VIII-16. s’ vs. f  plots at T = -80° C for the indicated percent PAA.
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Figure VHI-17. Plot of s” vs. f  at T = -80° C for the indicated percent PAA.
The fact that this low frequency transition is less pronounced at lower 
temperatures suggests that the second transition, which seems somewhat unchanged, is an 
instrumental measurement artifact. At low temperatures no polymer relaxations should 
be present at such a high frequency as the usual chain motions would be frozen-in. On 
the other hand, internal interfacial relaxation (as opposed to film-electrode interfacial 
polarization), owing to the differences in dielectric constant and electrical conductivity 
across the phase boundaries characteristically appears at low frequencies. Another 
fingerprint of interfacial polarization is an inordinately high limit of s’ at low frequency. 
This internal interfacial polarization occurs across the relatively large dimensions that 
span the phases (as compared to the sizes of individual dipoles) so that the large electrical 
moments due to this charge separation accounts for the high dielectric constant, for
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example, as that exhibited by the sample having 43.8% PAA in the limit of zero 
frequency.
Data Analysis using the Havriliak Negami (HN) and Vogel-Fulcher-Tamann (VFT) 
Equations
The permittivity curves obtained from the experimental data were fitted to the 
semi-phenomenological HN equation to obtain relaxation times as well as the parameters 
a  and p in Equation VIII-1 which contains a correction term for dc conductivity. 
Relaxation time -  temperature data was then fitted to the VFT equation (Equation VIII- 
2). Figure VIII-18 consists of xmax vs. T data for the major transition. xmax is one of the 
parameters that issues from the fit of the HN equation to the experimental data. The 
general decreasing trend with increase in temperature is reasonable although not quite 
linear. At the low temperature end of the scale, the sample having the lowest percent 
PAA has the longest relaxation times whereas at the high temperature end of the scale the 
samples containing the greatest percent PAA have the shortest relaxation times. Aside 
from this, there are no monotonic trends in curve shifting, which might simply be due to 
the complexity of this pentablock terpolymer system. While, as percent PAA increases 
the percent PS and percent PIB monotonically decrease as seen in Table VIII-1, there are 
other factors that could influence relaxation times; in particular, morphological 
discontinuities in this compositional progression. For one, chain motions would be 
expected to be different in isolated (e.g., spherical) than in extended (e.g., lamellar) 
phases. Also, the relative interfacial area would be different for different block 
compositions and interfacial polarization relaxation can occur in these regions.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
208
0.01 ^ - ■ - A ~  11.6%  
— o — D  ~  22.4%  
B -2 3 .4 %  
—v — C -  24.0%  
G -  33.7%  
- X -  E -  43.8%
X .
X.
-40 -30 -20 -10 0 10 20
Temperature (°C)
Figure VIII-18. Tmax vs. T for the major transition for the indicated percent PAA 
compositions.
Figure VIII-19 shows the relaxation time distribution, G(r) for data at T = -80°C, 
which is beneath the glass transition temperature of the PIB phase. The curves for 
samples A, C, G and E are asymmetric in that they are greatly skewed toward low 
relaxation times, while it is difficult to see whether this is the case for samples B and D 
because a good portion the low frequency wings of these distributions are off-scale. It is 
also seen that the distribution for the sample having the greatest percent PAA is the most 
pronounced while that for the sample having the least PAA is least pronounced in terms 
of vertical height. At the compositions 22.4 and 23.4% PAA p is unity at T = -80° C, 
whereas the sample having the highest percent PAA (43.8%) shows the lowest p. Thus, 
the values of this parameter do indeed reflect the relative curve asymmetry as seen by 
qualitative inspection of Figure VIII-19. It is also seen that the value of a  at -80° C is
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highest (0.686) for the sample having 43.8% PAA, although this number is quite lower 
than unity which corresponds to a single relaxation time rather than a distribution.
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Figure Vill-19. G(t) at T = -80° C for the indicated percent PAA compositions.
Table Vm-2. a  and P Havriliak-Negami equation parameters for data for the 
pentablock series at various temperatures._______________________________
A -11.6% D -  22.4% B -  23.4%
a P a 3 a 3
-80° C 0.410 0.129 0.168 1.000 0.232 1.000
-60° C 0.655 0.102 0.173 1.000 0.197 0.540
20° C 0.219 0.984 0.295 1.000 0.316 1.000
C -  24.0% G -  33.7% E -  43.8%
a 3 a p a P
-80° C 0.395 0.141 0.519 0.178 0.686 0.079
-60° C 0.421 0.158 0.426 0.246 0.371 0.191
20° C 0.226 1.000 0.279 0.819 0.271 1.000
Figure VIII-20 shows the relaxation time distribution at -60° C, at which
temperature the samples are around the glass transition of the PIB phase. The same 
comments regarding curve asymmetry for T = -80° C can be made in a qualitative sense,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
210
although the degree of asymmetry is somewhat diminished at this higher temperature. It 
is also seen that the value of r  at curve maximum decreases relative to that for -80° C, 
indicating shorter relaxation times. This is in accordance with the behavior seen in 
Figure VIII-18 and is a simple manifestation of the fact that the relaxing elements possess 
more thermal kinetic energy at the higher temperature.
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Figure VHI-20. G(t) at T = -60° C for the indicated percent PAA compositions.
At the considerably higher temperature of +20° C, the distribution shifts toward 
much shorter relaxation times as illustrated in Figure VIII-21, as is reasonable. Limited 
evidence of curve asymmetry is not seen on the graph as there are no data points for 
frequencies that give relaxation times less than 10'6 s. Table VIII-2 shows that all /? 
values have the approximate having value of 1.00 which corresponds to a symmetrical 
distribution of relaxation times. In some general sense, this could mean that the 
distribution of local environment is no longer biased towards those of the slowest 
relaxing elements that may exist in states of lower free volume, i.e., are more constrained.
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Owing to the fact that 20° C is well above the PIB phase Tg> these particular chain 
motions would be expected to be executed more rapidly, although the assignment of this 
relaxation is unclear.
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Figure VIQ-21. G(r) at T = +20° C for the indicated percent PAA compositions.
The dependence of G(r) for sample E (43.8% PAA) on T is seen in Figure VIII- 
22. At the very low temperatures of -120 and -100° C there is not enough thermal 
kinetic energy in the system for the peak to be detected within the frequency range of the 
instrument. A peak at -80° C is seen and monotonically shifts to lower relaxation times 
and becomes less asymmetric with increasing temperature.
Table VIII-3 displays the HN a  and (5 parameters for this data. The /? values 
monotonically increase and reach the limit 1.00 as the temperature is increased and the 
curves begin to become more symmetrical (Figure 3). On the other hand, a  decreases in 
value in this temperature order, which signifies an overall broadening of the distribution 
of relaxation times with increasing temperature.
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Figure VIQ-22. G(z) at the indicated temperatures for sample E.
Table VIII-4 displays the overall decrease in xmax as temperature is decreased.
There are some anomalies in the data sequences, especially at temperatures less than 60°
C and for the highest percent PAA, and at 100° C. The missing entries in the table are for
situations at higher temperatures for which relaxation times are difficult to determine.
Table V111-3. HN a  and /3 parameters for pentablock E (43.8% PAA) at various 
temperatures.
Temperature
(°C) a 0
-120 1.0000 0.0358
-100 1.0000 0.0358
-80 0.6863 0.0791
-60 0.3712 0.1905
-40 0.2924 0.3655
-20 0.3017 0.4940
0 0.2467 1.0000
20 0.2712 1.0000
40 0.2223 1.0000
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Table VIII-4. Tmax values for the pentablock series vs. temperature.
Temperature Tmax ('seconds')
A D B C G E
(°C) 11.6% 22.4% 23.4% 24.0% 33.7% 43.8%
-120 3.04E-02 1.29E-04 1.36E-05 9.55E-04 1.86E-03 4.69E+01
-100 4.09E-02 3.24E-04 2.98E-05 1.01E-03 7.60E-01 5.44E+03
-80 2.50E-01 6.52E-04 2.60E-05 2.53E-03 1.50E-01 2.43E-01
-60 1.04E-01 1.05E-03 3.84E-04 3.47E-03 9.78E-03 1.91E-02
-40 1.12E-02 3.16E-04 5.08E-04 1.86E-03 1.10E-03 8.02E-04
-20 8.94E-04 5.97E-05 6.59E-05 2.47E-04 8.95E-05 6.31E-05
0 3.00E-05 1.91E-05 1.41E-05 3.99E-05 1.22E-05 1.03E-05
20 4.21E-06 6.73E-06 5.70E-06 8.17E-06 1.94E-06 2.50E-06
40 6.17E-07 2.48E-06 2.48E-06 1.53E-06 2.21E-07 4.60E-07
60 1.67E-07 6.70E-07 1.10E-06 9.95E-08 3.03E-19 1.00E-11
80 2.79E-09 1.63E-07 4.00E-07 6.26E-09 — 1.00E-11
100 1.24E-12 9.22E-07 1.00E-11 1.38E-17 — —
110 — 1.23E-13 1.00E+05 — 3.35E+03 —
120 — 6.73E-09 2.40E+03 5.52E+00 7.00E+03 —
Finally, it should be mentioned that, while asymmetry in the_Gfz) curves was 
ascribed in a general way to a skewed distribution in the local environment about the 
structural entities involved in the relaxation, there is another interpretation that should be 
considered, namely different overlapping relaxations. A weak, and especially broad 
relaxation that highly overlaps a major relaxation can be hidden and give the appearance 
of a single major relaxation that is skewed toward the side on which the weak relaxation 
resides. It was, in fact, mentioned above that more than one relaxation is seen on some 
loss permittivity curves.
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Film Conductivity Measurements
To check the accuracy of the conductivity measurements, a Nation® membrane 
was used because of the documented proton conductivity value of ~ 0.1 S/cm, where S is 
the unit ‘Siemen’.13,17,18 Sone measured Nation® conductivity with a 4-point probe at 
various temperatures in a controlled humidity chamber with the result that at 100% R.H., 
with no heat treatment, a value of 0.09 S cm-1 was obtained. Zawodizinski measured the 
conductivity using the same cell configuration as in the study reported here and found 
that highly swollen films (-25 mol F^O/equivalent) had a conductivity of 0.1 S/cm'1.
The Nafion® used was Nafion® 117 which means it had 1100 equivalent weight and a 
nominal thickness of 7 mils.
Figure VIII-23 illustrates the impedance data obtained using the HP4192A 
analyzer, which was used to determine the resistance of each sample. The shorter the 
distance between the two Z’-axis intercepts, the lower is the resistance. The progression 
of increasing frequency on these curves is from right to left. Within this range of 
frequencies, there appears a single relaxation. It is seen that the relaxation arcs are not 
perfect semicircles but distorted in the sense of being laterally ‘compressed’. The 
unusual curve sections that extend to the right of the non-semicircular arcs and ‘swing 
back’ for some cases may be due to corroded or non-uniform electrodes as well as poor 
non-uniform contact of the electrodes to the sample.19 This low frequency effect is 
increasingly less pronounced for Nafion® and samples that have decreasing percent PAA. 
Thus, this feature seems to be related to the overall polarizability of the films.
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Figure V111-23. Z” vs. Z’ plot at T = 30° C for the indicated percent PAA.
As discussed, conductivity is often determined from the measured resistance R of 
a sample and using the following equation that applies to two flat parallel electrodes of 
area A that are separated by a distance L.
R = p ^  Equation VIII-6
p is the resistivity; the conductivity, cr, is 1/p. It is important to realize that this equation
is based on a geometry in which the electric field is uniform throughout the volume of the
sample between the two plates, as shown in the inset in Figure VIII-24 .
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electrode surface not J_ to general
current flow direction. A is ambiguous. electrodes should be
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L
T
non-uniform field 
concentrated near one 
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geometry
Figure Vill-24. Right: Ideal electrode/sample geometry for a uniform applied field; 
left: electrode/sample geometry of Zawodzinski et al.
The cell originally used by Zawodzinski et al., whose general configuration is 
depicted in Figure VIII-24, has the following problems with regard to the use of Equation 
VIII-5 & 6. This, in turn, calls the reported values of conductivity based on this cell into 
question: Rather than the electrode surfaces being perpendicular to the general current 
flow, they are deposited on the surface on the same side in the plane of the membrane. 
The electrodes should be deposited on the end surfaces, as indicated in Figure VIII-24. 
When the electrodes are charged, the electric field lines - along which the current flows - 
must emerge perpendicular to the electrode plane. In this case, the field lines must curve 
so as to end perpendicular to the surface of the counter electrode. Thus, as depicted in 
Figure VIII-24, the electric field is inhomogeneous and there is no simple equation to 
handle this situation. Not only is the electric field strength non-uniform, but it is not 
symmetrical about a parallel plane that runs through the middle of the membrane. The 
result of this is that the greatest current density is along the surface on which the
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electrodes are placed. Finally, in the fuel cell membrane, or any electrically conducting 
membrane for that matter, the current flow is generally perpendicular to the plane of the 
film rather than being in an in-plane direction as in this configuration which might be 
problematic if the membrane is oriented, say during thermoplastic processing. A four- 
point probe configuration suffers from the same problem. All of these issues being 
considered, the equation cr = L/(RA) is not appropriate, although we will suggest a way at 
the end of this section in which this cell can be used with greater accuracy.
Because of the geometry and relative dimensions in this particular 
sample/electrode configuration, an estimate for L can be made as being the spacing 
between the electrodes, but from which edge, or the middle, should this be measured? 
Irrespective of this, the meaning of A is ambiguous and there is no meaningful value to 
use. In theory, the area of the cross section at the ends of the film is required, but the 
electrode does not contact this area. In the interest of plotting the data that might be 
adjusted in the future to produce accurate values of cr, the factory! was eliminated by 
multiplying both sides of Equation VIII-5 by this quantity and L/R was determined, as 
displayed in the bar graph which is Figure VIII-25 for the various percent PAA 
compositions.
As shown in Figure VIII-25, as percent PAA is increases, L/R generally increases, 
which indicates an increase in conductivity. In a strict analysis, differences in the 
membrane cross sectional area, due to differences in sample swelling, would be taken 
into accounted This trend is quite reasonable considering that the hydrophilic phase 
constitutes an increasingly larger volume fraction and the phase elements become more 
extended. The largest value falls short of that for the Nafion® benchmark, although these
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membranes are inappropriate within the context of fuel cells owing to inevitable chemical 
degradation by generated peroxide.
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Figure VIII-25. L/R vs. wt% PAA with the measure value of Nafion included for 
comparison.
Finally, to conclude this section, it is suggested that the conductivity cell of 
Zawodzinski et al. might be used with greater accuracy if the data is processed in the 
following way. In 2-electrode cells that are used to measure electrolyte conductivity, so- 
called ‘cell constants’ are determined. Owing to deviations from ideality in these cells, 
including fringing electric fields, the factor L/A in the equation cr = L/(RA) cannot be 
directly determined and this ratio is simply called the cell constant K which is unique to a 
given cell. K can be determined by measuring R for an electrolyte for which cris already 
known, such as aqueous NaCl at a given concentration. Then, cr for an unknown
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electrolyte can be determined using the equation <7 = K/R. This procedure can be applied 
to the above cell if a “standard” such as Nafion® is used for calibration.
Conclusions
This chapter reported the use of broadband dielectric relaxation spectroscopy to 
explore macromolecular motions within the morphologies of the pentablock terpolymers 
discussed previously. The dielectric permittivity data was fitted to the Havriliak-Negami 
(HN) equation and the temperature dependence of relaxation times was fitted to the 
Vogel-Fulcher-Tamann equation.
All the pentablock terpolymers show a major temperature transition and there is at 
least one transition that overlaps this. In general, with an exception, as percent PAA 
increases the s’ vs. f  curves are displaced upward which reflects increasingly greater 
polarizability due to an increasingly greater fraction of COOH groups, although 
morphology changes with composition should also be taken into account.
The presence of dielectric activity beneath the glass transition temperatures for 
the PAA and PS phases, but above Tg for the dielectrically-inactive PIB phase is 
unexplained, except for the possibility of block interfacial polarization relaxation, or 
perhaps, somehow, the low temperature glass transition and sub-Rouse relaxation for the 
PIB phase is seen through some coupling with another process.
Relaxation time distributions are highly skewed toward low x but become more 
symmetrical and shift toward low x with increase in temperature. This behavior is a 
manifestation of the fact that the relaxing elements possess more thermal kinetic energy
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at higher temperatures. Another interpretation of the curve skew is overlapping 
relaxations
The spectral signatures of dc conductivity, sample-electrode interfacial 
polarization and possibly internal block domain interfacial polarization -  all at low 
frequencies -  are present in spectra.
Also, the electrical conductivity of these samples was determined using a two 
point electrode configuration, as originally used by Zawodzinski et al., in conjunction 
with an impedance analyzer. As percent PAA is increases, the conductance generally 
increases, which is reasonable considering that the hydrophilic phase constitutes an 
increasingly larger volume fraction and this phase becomes more extended. However, 
fundamental problems associated with the use of this cell were pointed out.
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CHAPTER EX
OVERALL CONCLUSIONS & FUTURE STUDIES
Poly[(styrene-c0 -p-methylstyrene)-Z>-isobutylene-6 -(styrene-co-/>-methylstyrene)]] 
The incorporation of /?MSt into the synthesis of PS-PIB-PS is relatively 
straightforward with very little extra effort, and allows for the possibility of drastically 
improving the properties of these thermoplastic elastomers. The DSC and DMA data 
suggested random incorporation of St and /?MSt units by the shift of one combined Tg in 
the outer blocks. Since only one Tg is present, a random copolymer structure is likely. 
The maximum in mechanical properties was observed at approximately 30-60% pMSt. It 
is theorized that the CH3 moieties in the system are acting as phase compatibilizers and 
anchors in-between the PIB and PS domains or by improving the solubility between the 
PS/pMSt and PIB phases allowing for more entanglement at the interface. As free 
volume continues to increase beyond this /?MSt composition range, it is hypothesized that 
the properties diminish due to a continuing increase in free volume which serves to cause 
the cohesion in the hard block domains to deteriorate. By the addition of as little as 20% 
/>MSt, the properties and performance of this material are enhanced with fewer incidents 
of coupling during the synthesis.
Future studies of this material could be the incorporation of /-butyl styrene to 
observe the impact of a bulky aliphatic group with low mobility. Also aliphatic chains of 
differing lengths off of the /(-position could be used to study the impact of 
compatibilization of the two phases at the interface. Positron annihilation studies could 
possibly help prove or disprove theories about free volume within this material. Finally,
223
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non-equilibrium morphologies are of great interest in terms of whether or not properties 
increases will be observed in melt processed films and parts. Currently, batch size is 
limited by dry box capacity. By working with an alternative material and company such 
as poly(styrene-6-(ethylene-co-butylene)-6-styrene) (Kraton®) made by Shell, it maybe 
possible to obtain larger quantities on the order of 20 to 30 pounds for melt processing 
studies.
Poly[(acrylic acid)-6-styrene-6-isobutylene-h-styrene-h-(acrylic acid)]
Using TGA, a significant weight loss occurred for the precursor material, PfBuA-
PS-PIB-PS-PtBuA, at 233° C and this was assumed to be due to a beta type scission
11reaction of the f-butyl groups. FTIR/ATR and C NMR spectroscopic analyses of the 
chemical structure demonstrated that this reaction did indeed occur. Thus, samples can be 
hydrolyzed in a simple way by exposure to 100° C at 30mmHg of vacuum for varying 
times, depending on sample size or by exposure to heat above 233° C. This mechanism is 
beneficial because it eliminates steps in the chemical hydrolysis process
This method, though interesting, has the possibility of forming crosslinks in the 
system which can prevent the polymer going back into solution. This crosslinking 
reaction may not be a concern with samples that have a continuous PAA phase, because 
H2 O can permeate the polymer and reverse the reaction. With these particular polymer 
block lengths, when cross-linking and anhydride ring formation take place, it is non- 
reversible due the phase being contained within hydrophobic phases of PIB and PS.
Although the AFM images of some of pentablock series containing PAA are not 
well defined due to water absorption that distorts the freshly sectioned surfaces, the
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combined morphological information issuing from both AFM and TEM interrogations 
reveals 3 phases although the complementary SAX data indicates some resemblance to 
diblock morphology scattering for the majority of the samples. Samples G (33.7% PAA) 
and E (43.8% PAA) are of interest in that the morphology does not apparently seem to 
reflect the fact that the PAA blocks are not directly attached to the PIB blocks in the 
terpolymer pentablock sequence. These simplistic morphologies may be due directly to 
the extra constraints posed by the particular pentablock vs. triblock sequence. This could 
be advantageous in controlling the placement and continuity of desired phases.
This pentablock series shows many interesting properties; the goal of this work 
was to investigate the mechanical behavior of these pentablock terpolymers as the 
percentage of PAA is increased. The DMA results show a progressive increase in the 
plateau modulus as Mn of PAA block is increased. As the amount of PAA is increased, 
the PIB Tg decreases suggesting less freedom of the PIB groups although these two 
blocks are not directly covalently coupled. At low percentages of PAA, the PS resides 
next to the PIB domains, while higher percentages of PAA may reverse this 
morphological proximity by allowing the PAA to reside next to the PIB blocks. This PIB 
Tg decrease with increasing PAA content is also accompanied by an increase in 
degradation temperature of the overall polymer. Both DSC and DMA investigations 
clearly show three Tgs in these pentablock terpolymers. This indicates phase separation 
rather then a blending/mixing of the 3 distinct components. As the morphology shifts, a 
significant property change takes place in the stress-strain curves.
Nanoindentation illustrated that the reduced modulus increased with increasing 
amount of PAA, which is agreement with tensile and DMA data. The hardness was
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shown to increase with increasing amounts of PAA. Creep tests show that the softest 
and most elastic material (sample A) creeps the most and the hardest material (sample E) 
creeps the least. Stress relaxation behavior is more complicated when considering the 
results for various experimental time scales. The glassy samples show the largest amount 
of relaxed stress. It is likely that the softer samples (higher PIB content), having less 
relaxed stress, have a good fraction of the cumulative stress relieved during the period of 
loading up to the maximum tip displacement. In macroscopic tests of mechanical tensile 
or dynamic mechanical response, the rate or time scale of the experiment strongly 
influences the response. However, there appears to be no significant trend or change in 
nanoindentation properties with rate. Perhaps this may simply reflect a condition 
wherein the excitation is too slow to observe the response relative to the time frame for 
macromolecular rearrangements. The natural rapid chain motions in elastomers allow 
for the material to react almost instantaneously to an excitation, that is, as a material that 
is highly elastic with a negligible viscous contribution.
As the percent PAA in the pentablocks increases, the water permeation coefficient 
increases. The overall time lag increased with increasing percent PAA, while the 
diffusion constant decreased. This initial time lag is thought to be due to the construction 
of hydration microstructures around the acid groups. After the polar groups are hydrated 
by hydrogen bond formation, the polymer begins to swell and water migrates across the 
membrane along percolation pathways to the downstream side to be detected at the 
membrane/crystal interface.
In the DRS experiments, all the pentablock terpolymers show a major temperature 
transition and there is at least one transition that overlaps this. In general, with an
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exception, as percent PAA increases the e’ vs. f  curves are displaced upward which 
reflects increasingly greater polarizability due to an increasingly greater fraction of 
COOH groups, although morphology changes with composition should also be taken into 
account.
The presence of dielectric activity beneath the glass transition temperatures for 
the PAA and PS phases, but above Tg for the dielectrically-inactive PIB phase is 
unexplained, except for the possibility of block interfacial polarization relaxation, or 
perhaps, somehow, the low temperature glass transition and sub-Rouse relaxation for the 
PIB phase is seen through some coupling with another process. This coupling may 
explain by the PAA residing next to the PIB phases. If this were the case, DRS 
spectroscopy shows that samples C,G, and E all reside next to the PIB rather than just E 
from microscopic techniques. As percent PAA is increases, the conductance generally 
increases, which is reasonable considering that the hydrophilic phase constitutes an 
increasingly larger volume fraction and this phase becomes more extended. However, 
fundamental problems associated with the use of this cell were pointed out.
Overall morphologies of the pentablock containing PAA series is a complicated 
matter to determine. Only by using TEM, SAXS, physical properties, 
permeation/diffusion, and DRS is the morphology able to be fully probed. Sample A 
(11.6% PAA) morphology is suggested to be spheres of PAA within PS cylinders in a 
continuous phase of PIB. Samples D and B (22.4% and 23.4% PAA respectively) seem 
to have non-continuous rod-like PAA phases within PS cylinders in a PIB continuous 
phase. Sample C (24.0% PAA) morphology seems to indicate PS cylinders within PAA 
cylinders in a PIB continuous phase. Sample G (33.7% PAA) appears to have PS
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cylinders contained within lamella phases of PAA next to lamella phases of PIB. Sample 
E (43.8% PAA) appears to have the largest PAA lamella phases next to smaller PIB 
lamella phases and PS cylinders contained within the PAA lamella phases.
Future studies in this area of pentablocks should focus on pentablock series where 
the total composition of both the PS and PAA phases is 30 wt% to allow for more 
traditional elastomeric properties. Poly(ethylene oxide) endblocks rather than 
poly(acrylic acid) endblocks may yield interesting results in diffusion as well as 
eliminating anhydride ring formation. Currently, star polymers of various architectures 
are being produced by the Storey research group, which may provide interesting 
properties.
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